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ABSTRACT 


Contributions  to  the  acceptance  of  fiberglass-reinforced  plastic  (FRP) 
as  an  aircraft  structural  material  were  made  through  verification  of 
existing  theoretical  strength  relationships  by  the  fabrication  and 
testing  of  sandwich  panels  in  the  laboratory.  The  four  basic  failure 
inodes  were  investigated  for  sandwich  plates  and  plate  columns  loaded  in 
edgewise  compression.  These  were  general  buckling,  face  wrinkling, 
shear  crimping  and  face  dimpling.  To  achieve  these  modes,  it  was 
necessary  to  vary  not  only  the  specimen  size  and  boundary  conditions 
but  also,  in  many  cases,  the  dimensions  and  composition  of  the  con¬ 
stituent  materials. 

In  the  development  of  a  suitable  structural  sandwich,  a  number  of 
.advances  were  made  in  the  realm  of  fabrication.  These  include  the 
development  of  a  multi-ply  pre-preg,  the  establishment  of  a  precure 
phase  in  the  resin  cure  cycle  as  a  control  of  resin  flow,  and  the 
use  of  the  separately-bonded  type  of  sandwich  construction.  The 
effect  of  adhesive  filleting  on  the  core  strength  and  the  effect  of 
laminate  thickness  on  facing  strength  properties  were  also  isolated. 

Of  the  general  buckling  tests  performed,  the  highest  degree  of  precision 
was  achieved  in  the  tests  involving  the  hinged  boundary  condition.  It 
was  found  that  the  theoretical  analysis  was  conservative  for  most  of  the 
cases  investigated.  The  face  wrinkling  tests  revealed  that  the  synmetri- 
cal  wrinkle  would  not  always  occur  in  sandwich  constructions  utilizing 
honeycomb  cores  as  suggested  by  the  theory.  A  greater  failure  stress 
was  generally  realized  when  the  load  was  applied  parallel  to  the  core 
ribbon  direction  than  when  applied  perpendicular.  The  limited  number  of 
comparisons  made  showed  a  greater  accuracy  in  predicting  failure  stress 
than  for  the  general  buckling  mode  of  failure. 

The  limited  study  of  shear  crimping  showed  that  such  failure  will  not 
be  a  problem  for  honeycomb-core  sandwich  excepc  for  thin  panels  employ¬ 
ing  cores  of  very  low  shear  modulus.  The  tests  on  Intracellular  buck¬ 
ling  indicate  that  this  mode  will  not  be  Important  for  core  cell  sizes 
less  than  1/2  inch  in  combination  with  3-ply,  or  thinner,  facings;  how¬ 
ever,  a  more  thorough  theoretical  analysis  is  needed  for  the  intracell¬ 
ular  buckling  mode. 
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DISCUSSION 


OBJECTIVES 

A.  Introduction 

The  Army's  expanding  V/STOL  program  is  placing  ever  increasing  demands 
on  aircraft  structures,  not  only  on  the  design  concept  but  on  the 
structural  material  itself.  For  these  future  generations  of  aircraft, 
the  structural  material  must  provide  a  smooth  aerodynamic  surface  for 
efficient  high-speed  flight  at  low  altitudes  in  high  density  air;  it 
must  have  high  resistance  to  impact  damage  that  could  be  produced  from 
sand  and  gravel  set  in  motion  by  dovnwash  impingement  on  unimproved 
landing  areas;  it  must  be  corrosion  resistant  and  be  easily  maintained 
and  repaired;  and,  most  importantly,  it  must  have  a  high  strength-weight 
ratio.  At  the  present,  nonmetalic  composite  materials  stand  out  as 
those  most  able  to  meet  these  criteria. 

Though  present  state-of-the-art  developements  in  resin,  bonding  systems, 
and  fabrication  techniques  allow  construction  cf  composites,  as  yet, 
suitable  data  for  design  and  analysis  are  not  available.  Before  the  com¬ 
posite  can  be  accepted  as  a  primary  structural  element,  it  is  necessary 
that  clear-cut  strength  relationships  be  established.  The  goal  of  the 
research  program  pretented  in  this  report  was  to  contribute  to  the  veri¬ 
fication  of  existing  "heoretical  strength  relationships  for  the  very 
promising  structural  sandwich  employing  honeycomb  cores  and  thin  facings 
of  epoxy-fiberglass  laminates  by  actual  tests  performed  in  the  laboratory. 

The  four  basic  failure  modes  were  investigated  for  sandwich  plates  and 
plate  columns  loaded  in  edgewise  compression.  These  were  general  buckl¬ 
ing,  face  wrinkling,  shear  crimping,  and  face  dimpling.  Figure  1  illus¬ 
trates  the  types  of  failure.  To  achieve  these  modes,  it  was  necessary 
to  vary  net  only  the  specimen  size  but  also,  in  many  cases,  the  dimen¬ 
sions  and  composition  of  the  constituent  materials. 

B,  Program  Analysis  and  Design 

Since  existing  technical  literature  is  basic  to  the  accurate  refinement, 
modification,  or  validation  of  current  strength  relationships,  the  first 
step  placed  in  the  design  of  the  research  program  was  the  reviewing  of 
pertinent  literature.  The  current  strength  equations  would  be  used  to  aid 
in  selecting  the  initial  structural  parameters  and  functional  variables. 

Because  of  the  exploratory  nature  of  the  program,  which  encompassed 
fabrication  as  well  as  specimen  configuration  and  boundary  conditions, 
the  sequential  technique  of  investigation  was  chosen  as  the  means  of 
achieving  the  objectives.  Thus,  each  new  step  in  the  research  would  be 
guided  by  the  previous  findings. 
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Figure  1.  Modes  of  Failure  of  Sandwich  Construction  Under  Edgewise 
Compressive  Loads. 
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It  was  planned  that  the  primary  research,  verification  f  existing 
strength  relationships,  would  be  prefaced  with  a  short  fabrication 
optimization.  However,  initial  experience  in  fabrication  pointed  out 
the  existence  of  just  as  large  a  void  in  this  realm  as  in  that  of  proven 
panel-strength  relationships.  Consequently,  it  was  necessary  to  estab¬ 
lish  a  separate  program  to  develop  the  needed  information  on  the  relation 
between  the  fabrication  process  variables  and  the  final  strength  proper¬ 
ties  of  the  material,  while  permitting  the  sandwich-panel  strength 
program  to  continue.  This  information  was  previously  reported  in 
USATRECOM  Technical  Report  64-37,  "Research  in  the  Field  of  Fiberglass- 
Reinforced  Sandwich  for  Airframe  Use,"  July  1964  (reference  1). 

Even  more  basic  than  the  problem  of  what  levels  of  the  process  variables 
should  be  used  was  that  of  the  actual  impregnation  of  the  fiberglass 
fabric  and  the  laminating  of  the  facing.  It  was  discovered  that  the 
hand  method  of  impregnation  so  often  used  in  industry,  whereby  the  resin 
is  worked  into  the  fabric  with  squeegees,  was  not  adequate  to  produce 
void-free  reproducible  resin  distributions  consistently.  Therefore,  a 
mechanical  means  of  coating  the  fabric  had  to  be  devised  before  the 
panel  strength  study  could  be  accomplished.  An  extension  to  the  contract 
was  granted,  and  plans  were  made  for  the  design  and  construction  of  a 
multi-ply  coating  machine. 

Initially,  it  was  intended  that  the  sandwich  be  constructed  by  the  single- 
step  method;  however,  the  fabrication  was  soon  shifted  entirely  to  the 
bonded- type  of  sandwich  in  which  the  facings  are  pre laminated  and  bonded 
to  the  core  in  a  separate  step.  This  change  was  made  because  the  sepa¬ 
rately  bonded-type  sandwich  gave  higher  and  more  consistent  strength 
values  and  because  the  initial  flatness  of  the  facings  was  found  to  be 
essential  to  preventing  premature  failure  of  the  specimens. 

The  test  program  was  planned  to  consist  of  two  main  areas  of  concern, 
the  tests  associated  with  the  panel  failure  modes  and  the  tests  for  the 
facing  and  core  material  properties  to  support  the  analytical  calcula¬ 
tions.  For  conservation  of  time  and  funds,  the  number  of  supporting 
tests  was  held  to  a  minimum;  hence,  where  possible,  these  tests  were 
used  simply  to  monitor  and  confirm  the  published  material  properties. 
Consequently,  the  particular  material  properties  monitored,  where  neces¬ 
sary,  were  core  flatwise  compressive  modulus  and  strength,  core  plate 
shear  modulus  and  strength,  core-to-facing  bond  strength,  and  facing 
compressive  modulus  and  strength. 

All  tests  were  conducted  at  room  temperature,  and  standard  procedures 
were  used  where  possible.  The  precision  test  fixtures  necessary  to 
achieve  special  boundary  conditions  were  designed  and  built  as  needed. 

In  addition,  a  high-pressure  hydraulic  press  was  constructed  to  comple¬ 
ment  the  low-pressure  vacuum  press  initially  available. 
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FABRICATION  AND  TEfA  EQUIPMENT 


The  special  equipment  used  in  the  fabrication  of  the  FRp  materials  consist¬ 
ed  of  a  multi-ply  coating  machine  and  two  laminating  presses,  one  hydrauli¬ 
cally  operated  and  the  other  of  the  vacuum  blanket  type.  This  equipment 
was  developed  by  the  University  of  Oklahoma  Research  Institute  staff  and  is 
described  in  reference  1.  Figures  2,  3,  and  A  show  the  essential  details. 

Several  fixtures  to  support  the  laminate  and  sandwich  specimens  during 
edgewise  compression  loading  were  designed  and  constructed  for  this  re¬ 
search  program.  These  are  detailed  in  Figures  5,  6,  and  7. 

The  testing  of  specimens  was  conducted  on  one  of  three  testing  machines:  a 
10,000-pound-capacity  Instron,  a  100,000-pound-capacity  Baldwin,  and  a 
200,000-pound-capacity  Tinius  Olsen  balance-beam  testing  machine.  A  number 
of  other  commercially  available  machines  were  used  in  the  program  and  are 
mentioned  in  the  body  of  the  report  when  pertinent. 


Figure  2.  Overall  View  of  Multi-Ply  Coating  Machine. 

^A,  Pressurized  Resin  Reservoir  (One  Other  Located  On 
Opposite  Side  of  Table);  B,  Reduction  Drive  Motor  Which 
Draws  Fabric  Through  Machine  Onto  Take-Up  Roll;  C,  Cut¬ 
ting  Table;  D,  Air  Lines  To  Pressurize  the  Resin  Reser¬ 
voirs;  E,  Large  Supply  Roll  of  Polyethylene  Film  (Stored 
in  This  Position);  F,  Fabric  Length  Measuring  Counter; 

G,  Mounting  Rack  Which  Carries  the  Dry  Fabric  Feed  Rolls 
(3  Ply  as  Shown)] 


A 


5 


i 


Figure  3.  High  Pressure  Hydraulic  Press.  Figure  4.  Vacuum  Press.  (The  fiberglass¬ 
es  Control  Gage  for  Setting  the  Desired  reinforced  silicone  rubber  vacuum  blanket 

Curing  Pressure;  B,  Control  Console  for  is  shown  resting  on  the  lower  platen.) 

Monitoring  and  Regulating  Temperature  of 
Heated  Press  Platens.) 
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Figure  6.  Sandwich  Panel  Edgewise  Compression  Test  Apparatus  for  Fixed  Loaded 
Ends.  [A,  Bottom  Loading  Plate  Showing  Guide  Lines  for  Centering  (Similar  Upper 
Plate  Not  Shown);  B,  Sliding  Wedge  Grips;  C,  Sandwich  Panel  Compressometer ;  D, 
Needle  Points  (Two  per  Side)  for  Following  Compression  Strain;  E,  Strain  Gage 
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During  Edgewise  Compression.  (The  segmented  hinges  permit  differential  rotation 
along  the  loaded  end  of  the  panel.) 


FABRICATION  PROCESS  AND  EVALUATION 


As  mentioned  previously,  the  initial  development  work  in  sandwich  fab¬ 
rication  centered  around  the  versatile,  low-cost,  single-step  method  of 
construction  whereby  the  facings  were  laminated  and  bonded  to  the  core 
in  one  operation,  the  core-to-facing  bond  being  effected  by  the  basic 
resin  system.  The  materials  used  consisted  of  electrical  (E)  glass  181- 
style  Volan  A-finished  fiberglass  fabric,  EPON  828  epoxy  resin  activated 
by  curing  agent  Z,  and  Douglas  Aircomb,  a  phenolic  impregnated  paper 
honeycomb  core  with  hexagonal  cells.  The  press  used  was  a  vacuum  type 
employing  a  33-inch  by  45-inch  fiberglass -reinforced  rubber  blanket. 

The  resin-curing  agent  formulation  used  was  100  parts  resin  to  20  parts 
curing  agent  by  weight.  To  insure  complete  mixing  of  the  high  viscosity 
room  temperature  resin  with  the  normally  crystallized  curing  agent,  the 
resin  was  first  heated  to  120  degrees  Fahrenheit  and  the  curing  agent  to 
150  degrees.  The  materials  were  then  quickly  mixed  and  used.  Impregna¬ 
tion  of  the  fiberglass  fabric  was  accomplished  by  way  of  a  hand-cranked 
coating  machine  which  drew  a  continuous  single  ply  of  fabric  through  a 
heated  resin  vat  and  onto  a  take-up  roll.  The  fabric  was  cut  from  the 
roll  as  needed--panels  were  usually  sized  30  by  15  inches  for  vacuum 
pressing. 

The  sandwich  facings  were  formed  by  stacking  the  cuts  of  fabric  on  a  thin 
(1/32-inch)  aluminum  caul  sheet.  The  caul  sheet  was  then  placed  on  the 
heated  press  platen  set  at  the  cure  temperature;  a  polyethylene  film  was 
stretched  across  the  wet  laminate;  and  for  approximately  2  minutes,  the 
excess  resin  was  hand-squeegeed  out  of  the  wet  laminate  so  that  the  appear¬ 
ance  of  a  uniform  distribution  of  resin  was  obtained.  Much  difficulty 
was  encountered  in  producing  facings  of  predictable  resin  content  (ratio 
of  weight  of  resin  to  total  weight)  and  in  preventing  small  air  pockets 
from  being  trapped  between  the  plies,  especially  on  the  larger  specimens. 
Further  experience  with  the  hand-working  technique  clearly  established 
the  need  for  a  mechanical  means  of  impregnating  and  laminating  the  fabric. 

After  this  operation,  the  caul  sheet  was  removed  from  the  platen  and  set 
aside  until  another  wet  laminate  could  be  prepared  and  squeegeed  to  pro¬ 
vide  the  opposite  facing  of  the  sandwich  panel.  Upon  completion  of  both 
wet  facing  lay-ups,  they  were  either  used  directly  or  allowed  to  B-stage 
at  room  temperature  (B-staging  was  used  later  in  the  program). 

Assembly  of  the  sandwich  panel  was  the  next  step  in  the  procedure.  To 
insure  uniform  pressure  application  to  the  panels,  as  well  as  to  protect 
the  vacuum  blanket,  a  wooden  frame  of  sandwich-plus-caul  thickness  was 
always  assembled  tightly  around  the  sandwich  on  the  lower  platen  of  the 
press.  Approximately  half  of  the  frame  was  installed,  the  sandwich  was 
assembled  in  place  on  the  press,  and  then  the  frame  was  completed. 

Thus,  when  the  raw  facings  were  ready  for  use,  their  polyethylene  covers 
were  stripped  off,  and  as  a  first  step  in  the  assembly  of  the  sandwich, 
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one  of  the  caul  sheets  with  a  laminate  was  inserted  in  the  frame  on  the 
open  press  which  was  preset  at  the  desired  cure  temperature.  Next,  a 
slice  of  core,  previously  cut  with  a  sharp  knife,  was  placed  on  top  of 
this  lower  facing  so  that  the  core  ribbon  paralleled  the  fabric  warp 
direction,  and  finally,  the  second  caul  sheet  and  laminate  were  inverted 
and  placed  on  top  of  the  core  slice  with  the  laminate  against  the  core 
to  complete  the  sandwich  assembly. 

The  press  was  closed,  the  full  vacuum  was  drawn  immediately,  and  the 
pressure  held  until  the  desired  cure  time  had  elapsed.  The  cure  cycle 
was  then  completed  by  &  2-hour  postcure  (afterbake)  of  the  panel.  The 
postcure  was  accomplished  in  an  electrically-heated ,  recirculating, 
hot-air  oven  set  at  300  degrees  Fahrenheit. 

Visual  inspection  of  this  first  series  of  panels  revealed  a  condition 
of  resin  starvation  and  the  presence  of  air  voids  in  the  facings.  In 
addition  to  an  increase  in  facing  resin  content  (approximately  10  per 
cent),  several  other  approaches  were  taken  in  an  effort  to  obviate,  or 
at  least  lessen,  these  phenomena:  (1)  room  temperature  B-staging  of 
the  wet  laminate,  (2)  two-step  assembly  where  each  wet  facing  was  cured 
to  the  core  independently,  and  (3)  separate  precure  phase.  The  precure 
phase  consisted  of  a  dwell  period  in  the  closed  press  prior  to  the  appli¬ 
cation  of  pressure  to  the  panel,  the  time  being  determined  by  the  time 
required  for  the  resin  to  gel  at  the  press  temperature  (the  gel  time 
minus  7  minutes).  The  B-staging  and  precure  did  improve  the  control  of 
the  resin  flow  during  the  mold  phase  of  fabrication;  and  hence,  both 
were  used  throughout  the  rest  of  the  program  (Figure  8). 

Though  the  variation  of  the  single-step  method  of  construction,  whereby 
the  facings  were  cured  to  the  core  one  at  a  time  in  the  lower  facing 
position,  was  not  found  to  be  the  solution  to  the  starvation  problem  and, 
hence,  was  not  explored  further  at  this  point,  it  was  realized  that  the 
method  of  assembly  would  have  merit  in  certain  applications.  The  method 
was  used  with  good  success  and  should  prove  valuable  in  the  molding  of 
sandwich  in  compound  curves  when  the  expense  of  matched  inner  and  outer 
dies  is  not  warrented. 

In  perfecting  the  fabrication,  it  was  also  determined  that  the  full 
vacuum  of  28  inches  of  mercury  available  on  the  press  could  not  be  used 
in  the  single-step  type  of  sandwich  construction.  The  low  pressure 
on  the  under  side  of  the  facing  permitted  the  resin  curing  agent  mixture 
to  evaporate;  this  produced  hardened  bubbles  and  poor  filleting  to  the 
core  as  cure  took  place  (Figure  8).  Twenty  inches  of  mercury  was  the 
maximum  vacuum  found  acceptable  to  avoid  this  problem. 

The  needed  gel  points  (the  relations  between  resin  temperature  and  gel 
time  at  various  states  of  B-staging)  were  determined  by  inspection. 
Twelve- inch-square ,  3-ply  patches  saturated  with  resin  were  placed  on  a 
heated  press  platen,  covered  with  a  felt  insulation  blanket,  and  probed 
periodically  with  a  small  wooden  stick  until  the  reoin  string  pulled  out 
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Figure  8.  Typical  Examples  of  the  Three  Types  of  Resin  Flow  Conditions  Observed  in 
Single-Step  Fabrication  Study.  (From  left  to  right:  Controlled  Resin  Flow  Produced 
by  B-Staged  Facings,  Resin  Starvation  Produced  by  Direct  Use  of  Wet  Facings,  and 
Resin  Bubble  Produced  in  Honeycomb  Cells  by  High  Vacuum.) 


would  break  at  2-inch  or  3-inch  lengths.  For  each  temperature  and  state 
of  B-staging,  the  time  between  heat  application  and  resin  string  break  was 
the  desired  time  value.  Figure  9  is  a  plot  of  the  data  thus  obtained. 

As  the  quality  of  the  facings  was  improved,  the  precise  eifect  of  the 
process  variables  (pressure  and  temperature)  on  the  sandwich  strength 
became  more  pronounced.  Hence,  the  panel  strength  program  was  advanced 
cautiously  until  adequate  fabrication  information  was  generated,  to  in¬ 
sure  that  fabrication  effects  did  not  obscure  the  strength-theory  verifi¬ 
cations  sought.  To  accelerate  the  acquisition  of  needed  fabrication 
knowledge,  a  separate  program  was  established  in  another  USATR2C0M  con¬ 
tract  (see  reference  1),  and  further,  the  existing  program  was  excended  to 
include  the  design  and  construction  of  a  multi-ply  coating  machine.  The 
details  of  the  coating  machine  that  was  developed  were  reported  with  the 
separate  fabrication  program  (reference  1)  since  machine  coated  laminates 
were  used,  and  that  program  was  completed  at  an  earlier  date. 

It  wasn't  until  later  in  the  program  that  machine  coated  laminates  became 
available;  therefore,  the  opportunity  was  taken  to  evaluate  two  of  the 
promising  commercial  "pre-pregs"  ,  Coast  Manufacturing  and  Supply  Company's 
F150-11  and  3-M  Company's  1002  style  Scotchply.  The  F150-11  is  a  single- 
ply  E-glass  181-style  fiberglass  fabric,  B-staged  epoxy  impregnation;  and 
the  Scotchply  is  a  nonwoven  E-glass  cross-ply  fabric,  B-staged  epoxy  im¬ 
pregnation  . 

It  should  be  mentioned  that,  after  the  beginning  tests  with  paper  core, 
the  other  material  variables  (such  as  the  facing  thickness  and  the  core 
materials,  thickness  and  cell  size)  were  set  by  the  particular  failure 
mode  being  studied. 

Initially,  the  pre-pregs  were  used  in  the  single-step  construction  of 
sandwich.  The  sandwich  was  assembled  both  with  and  without  an  inter¬ 
mediate  adhesive  using  a  precure  of  3  minutes.  In  the  former  case, 

EC-1595  paste  adhesive  was  used  and  was  applied  directly  to  the  B-staged 
material.  No  postcure  was  used  for  these  panels,  since  the  cure  was  at 
high  temperature  (350  degrees  Fahrenheit  for  60  minutes).  It  was  during 
this  particular  single-step  construction  work  that  aluminum  core  (of 
5052  aluminum,  0.0013-inch-thick  perforated  foil)  was  introduced  into  the 
program.  The  use  of  this  core  required  a  different  molding  technique. ^ 

The  molding  was  accomplished  in  two  steps:  a  short  time  period  (usually 
8  minutes)  at  the  desired  laminating  pressure  (20  psi  was  found  to  be  the 
maximum  possible)  followed  by  the  remaining  cure  time  at  half  the  laminat¬ 
ing  pressure  to  prevent  core  crushing  from  thermal  stresses.  The  crush¬ 
ing  was  attributed  to  the  more  severe  curing  conditions  required  by  the 
commercial  pre-pregs.  Following  the  manufacturer's  recommendations  (350 
degrees  Fahrenheit)  not  only  caused  the  core  to  expand  as  its  temperature 
increased  but  also  brought  about  a  decrease  in  core  strength  resulting 
in  a  failure  situation  when  the  desired  laminating  pressure  was  applied 
throughout  the  cure  period. 

^Two-step  cure  used  for  specimen  groups  6,  9,  11,  13,  14,  16,  17,  18,  and 
19. 


12 


TEMPERATURE  (DEGREES  FAHRENHEIT) 


GEL  TIME  (MINUTES) 


Figure  9.  Effect  of  Temperature  on  Gel  Time  of  Shell 
EPON  828-Z  Resin  in  3-Ply  Lay-Up  of  181  Volan  A  Fabric. 
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Pre lamination  of  the  facings  and  sandwich  assembly  by  a  separate 
bonding  cycle  was  also  investigated  with  the  commercial  impregnations. 

The  results  were  so  much  better  than  those  from  the  single-step  con¬ 
struction  that,  at  this  point,  the  single-step  method  was  abandoned  in 
favor  of  this  two-step  method.  Also,  the  molding  was  transferred  to  the 
newly  constructed  hydraulic  press. ^  The  size  of  the  panels  molded  on 
the  hydraulic  nress  was  usually  22  by  28  inches,  except  the  HRP-core 
panels  which  were  19  by  28  inches. 

More  specifically,  the  transition  to  the  separately  bonded  type  of  sand¬ 
wich  was  made  because  of  the  adverse  effect  initial  eccentricities  had 
on  the  initiation  of  the  panel  failures  (see  face  wrinkling  under 
Experimental  Results  and  Evaluation) .  Since  the  lamination  of  the 
single-step  molded  facings  was  brought  about  by  the  pressure  applied 
by  the  ends  of  the  core  cell  walls,  invariably  the  laminate  thickness 
and  resin  content  were  less  in  this  joint.  This  was  easily  verified 
by  visual  inspection.  In  addition,  the  final  rupture  of  the  faces  always 
followed  the  core  cell  walls.  Also,  this  condition  no  doubt  contributed 
to  the  warping,  which  always  occurred  in  the  thinner  panels.  In  general, 
the  separately  bonded  type  of  construction  where  the  smooth  flat  prelami¬ 
nated  fecings  are  bonded  to  the  core  in  a  second  step  was  found  much  more 
suitable  for  the  precise  laboratory  strength  tests.  As  an  indication 
of  the  capabilities  of  the  smooth  facing  laminates,  their  strength  weight 
ratio  (ultimate  compressive  strength  divided  by  the  specific  weight)  is 
approximately  ten  times  that  reported  for  2024-T36  sheet  aluminum. 3 

Since  the  facing  laminate  must  be  kept  clean  for  bonding,  a  parting 
agent  was  not  used  between  the  laminate  and  the  caul  sheet  as  for  the 
single-step  sandwich  (thinned  Dow-Corning  DC-7  was  used  previously). 
Instead,  clean  3/32-inch-thick  Teflon  sheets  were  used  for  caul  sheets. 
This  approach  proved  effective,  though  chipping  away  resin  and  scrubbing 
the  caul  sheets  with  soap  and  water  after  each  use  became  a  vital  parr 
of  the  process. 

To  continue  with  the  actual  fabrication  process,  the  pre-pregs  were  kept 
under  refrigeration  and  had  to  be  thawed  (usually  25  to  30  minutes) 
before  being  stripped  of  their  film  covers  and  stacked  for  lamination. 

The  following  procedure  was  used  in  the  construction  of  the  facings  for 
the  separately  bonded  sandwich.  After  the  cuts  had  been  stacked  to  ob¬ 
tain  the  desired  thickness  and  rolled  flat  with  a  heavy  steel  bar,  the 
cauls  and  laminate  were  placed  in  the  heated  press,  precured  for  3  min¬ 
utes,  and  then  pressed  at  the  temperature  and  pressure  recommended  by  the 


O 

A  photograph  of  the  press  can  be  found  on  page  3. 

^B-staged  strength  data  for  180°  F,  90  minutes,  and  70  psi  cure  was 
obtained  from  Table  12  in  reference  1. 
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manufacturer  (350  degrees  Fahrenheit  for  60  minutes  at  50  psi).  These 
and  all  other  laminates  were  postcured  prior  to  being  bonded  into 
sandwich  even  chough  the  bonding  was  accomplished  at  high  temperature 
in  some  cases.  This  was  done  to  insure  that  full  strength  would  be 
developed  for  the  laminate  properties  tests.  The  usual  postcure  of 
2  hoars  at  300  degrees  Fahrenheit  was  employed. 

Three  types  of  adhesive  were  employed  to  effect  the  core-to-facing  bonds: 
3-M  Company's  EC-1595,  a  single-component  thixotropic  paste;  Armstrong 
Resin  Company's  A-12,  a  two-component  thixotropic  paste  (mixed  1  to  1 
by  weight);  ar.d  3-M  Company's  AF-110B,  a  B-staged  supported  film.  Prior 
to  bonding,  the  facing  laminates  were  liehtly  sanded  (00  grit  paper)  and 
degreased  with  acetone.  The  paste  adhesive  systems  were  then  applied 
to  the  facings  by  a  3-inch-long  notched  edge  scraper  (eight  notches  per 
inch  at  3/64-inch  depth)  and  the  film  supported  adhesive,  by  cutting  the 
desired  size  and  placing  it  on  the  facing  or  core. 

As  before  for  the  single-step  method,  the  core  ribbon  was  oriented 
parallel  to  the  facing  warp  except  for  the  HRP  cores  which  were  oriented 
perpendicular  because  these  cores  could  be  purchased  only  with  a  maximum 
dimension  of  19  inches  in  the  ribbon  direction.  The  assembled  sandwich 
was  then  inserted  in  the  press  and  the  pressure  set  at  10  psi  with  the 
temperature  and  time  regulated  according  to  the  manufacturer's 
recommendations  (350  degrees  Fahrenheit  and  60  minutes  for  EC-1595  and 
AF-110B,  and  250  degrees  Fahrenheit  and  30  minutes  for  the  A-12  adhesive) 

After  the  multi-ply  coating  machine  became  operational,  both  2-  and  3-ply 
simultaneously  impregnated  lay-ups  were  used  for  sandwich  facings  with 
excellent  results.  This  was  true  of  the  143-style  fabric  (used  in  intra¬ 
cellular  buckling  tests  in  the  latter  part  of  the  project)  as  well  as  the 
181-style.  Four-ply  laminates  were  also  fabricated  by  stacking  the  2-ply 
pre-pregs.  The  handling  of  the  machine  output  was  similar  to  that  of 
the  commercial  pre-pregs,  particularly  with  regard  to  cold  storage.  The 
impregnation  was  unrolled  from  the  machine  take-up  reel  after  10  hours  of 
room  temperature  B-staging,  cut  to  the  desired  sizes  with  scissors,  and, 
to  retard  the  resin  cure,  stored  in  a  freezer  set  at  5  degrees  Fahrenheit 

This  completes  the  description  of  the  basic  work  on  fabrication  that 
was  accomplished  during  the  present  program.  The  next  step  in  the 
evalution  of  fiberglass  sandwich  for  aircraft  structures  should  be  the 
fabrication  of  curved  structural  panels.  No  doubt  many  special  tech¬ 
niques  and  adaptations  of  those  for  flat  panels  will  be  required.  Cer¬ 
tainly,  the  FRP  fabrication  explorations  made  in  this  program  point  out 
the  great  need  for  knowledge  in  this  area--not  only  regarding  the  sand¬ 
wich  constructions  optimum  for  each  special  application  permitted  by  the 
materials  great  versitility,  but  also  pertaining  to  the  design  allowables 
for  the  facing  laminates,  once  the  particular  optimum  curing  conditions 
have  been  determined. 


15 


EXPERIMENTAL  PROCEDURE 


Because  of  the  vast  number  of  process  variables  that  affect  the  final 
strength  of  FRP  materials,  the  procedures  used  in  testing  and  in  the 
preparation  for  testing  are  reported  in  great  detail  to  facilitate 
thorough  data  analysis.  The  procedures  are  described  in  two  sections 
according  to  the  nature  of  the  experiments. 

A.  Tests  for  Determining  Material  Properties 

In  order  to  compare  calculated  values  of  sandwich  failure  stress 
with  test  values,  it  was  necessary  to  confirm  or,  in  some  cases, 
obtain  the  strength  properties  of  the  constituent  materials. 

The  procedures  used  in  these  supporting  tests  are  presented  in 
the  following  paragraphs.  The  descriptions  include  specimen 
preparation  as  well  as  specimen  measurment  procedures,  and,  in 
some  cases,  mention  is  made  of  the  data  reduction  techniques. 

1.  Sandwich  Plate  Shear  Test 


To  obtain  the  shear  properties  of  the  honeycomb  cores  used 
in  the  sandwich  constructions,  it  was  found  convenient  to 
utilize  the  pieces  of  the  sandwich  panels  remaining  after 
the  removal  of  the  specimens  designated  for  the  buckling 
tests.  This  procedure  had  the  additional  advantage  of  test¬ 
ing  the  core  after  it  had  undergone  sandwich  fabrication, 
permitting  the  detection  of  any  adverse  effect  by  comparison 
with  the  manufacturer's  published  data.  It  can  be  seen  from 
the  values  in  Table  11  that  the  cores  fared  fabrication 
rather  well--in  fact,  in  most  cases  the  OURI  test  values 
are  slightly  higher  than  those  listed  by  the  manufacturers. 

Two-inch-by-6-inch  specimens  were  cut  both  perpendicular 
and  parallel  to  the  core  ribbon  direction  and  tested  in  plate 
shear  (shear  parallel  to  the  facings)  according  to  MIL-STD- 
401A.  The  cutting  was  accomplished  on  a  table  saw  equipped 
with  a  10-inch-diameter,  extra  course  grit,  tungsten  carbide 
abrasive  wheel  (PERMA-GRIT  Number  19758). 

To  accomplish  the  tests,  it  was  necessary  to  bond  1/2-inch- 
thick  steel  loading  plates  to  the  facings  of  the  specimens. 
The  facings  were  prepared  by  lightly  sanding  their  surfaces 
with  number  00  grit  sandpaper  and  then  degreasing  with  ace¬ 
tone;  and  the  plates,  by  stripping  off  all  of  the  adhesive 
remaining  from  previous  teste,  washing  in  water  and  drying, 
and  then  sandblasting  the  contact  surface. 
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EPON  6  adhesive  was  used  throughout  most  of  the  program 
for  the  specimen- to-fixture  bonding.  The  plates  were  warmed 
to  120  degrees  Fahrenheit;  then  the  paste  adhesive  was  applied 
with  a  notched  edge  scraper.  The  specimen  was  placed  on 
the  prepared  surface  of  one  of  the  plates  and  pressed  onto 
the  adhesive  film  with  a  slight  twisting  motion  to  insure 
uniform  distribution  of  the  adhesive.  The  other  steel 
plate  was  then  placed  on  top  of  the  sandwich  and  seated  in 
the  same  manner.  During  this  operation,  the  specimen  was 
carefully  positioned  with  respect  to  guide  lines  on  the 
plates  so  that  the  line  of  action  of  the  applied  force 
'  ould  be  directed  through  the  diagonal  corners  of  its  core 
(Figure  10).  After  alignment,  the  entire  assembly  was 
placed  in  a  recirculating  hot-air  oven  and  cured  for  1 
hour  at  200  degrees  Fahrenheit. 

The  specimens  were  installed  in  the  testing  machine  by  means 
of  self-aligning  hinged  fixtures  as  shown  in  Figure  10. 

Shear  deformation  was  measured  with  a  dial  gage  graduated 
in  ten  thousandths  of  an  inch  which  was  mounted  on  one  of 
the  steel  loading  plates  with  its  stem  in  perpendicular  con¬ 
tact  with  an  anvil  fixed  on  the  other  plate  (Figure  11). 

Either  a  100, 000-pound -capacity  Baldwin  testing  machine  or 
a  10,000-pound-capacity  Instron  testing  machine  with  an  x-y 
recorder  was  used  for  these  tests.  Each  specimen  was  pre- 
loaded  twice  to  about  20  per  cent  of  the  anticipated  ultimate 
load.  The  test  run  was  begun  after  taking  the  slack  out  of 
the  system  with  a  200-pound  load  and  then  setting  the  dial  gage 
at  zero.  The  crosshead  speed  used  was  0.050  inch  per  minute. 

The  test  data  were  accepted  for  modulus  calculation  regardless 
of  the  type  of  failure  (steel  plate-to-facing  bond  failure, 
core-to-facing  bond  failure,  core  rupture  or  yield);  however, 
only  core  rupture  or  yield  was  logged  as  an  ultimate  failure. 
The  shear  area  for  each  specimen  was  obtained  before  the  test 
from  length  and  width  measurements  made  with  an  engineering 
scale  read  to  the  nearest  0.01  inch. 

The  calculation  of  the  ultimate  shear  strength  followed  the 
usual  definition  of  load  divided  by  area  and  the  shear  modulus, 
the  usual  definition  of  the  slope  of  the  stress-strain  curve 
multiplied  by  the  core  thickness  (reference  10,  bottom  of 
page  7).  These  data  are  tabulated  in  Table  10  on  page  63, 
and  the  results  noted  are  presented  on  pages  32,  33,  and  34. 
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Measuring 


2 .  Flatwise  Tension  and  Compression  Test 


A  limited  number  of  tests  were  conduc' ed  to  monitor  the 
flatwise  tension  and  compression  properties  of  the  honey¬ 
comb  cores  in  sandwich  construction.  These  tests  served  to 
not  only  sample  the  core  properties,  but  also  to  permit 
observation  of  any  fabrication  effects  and,  in  the  case  of 
the  tension  tests,  to  monitor  the  core-to-facing  bond  strength. 

The  same  cutting  procedure  as  previously  described  was  used 
to  obtain  specimens  for  these  tests.  For  flatwise  tension, 
it  was  necessary  to  bond  loading  blocks  to  the  specimen  faces. 
This  was  accomplished  in  the  same  manner  as  for  the  shear 
specimens . 

Figure  12  shows  the  flatwise  tension  test  setup  in  the  10,000- 
pound-capacity  Instron  testing  machine.  The  load  was  applied 
at  the  rate  of  0.05  inch  per  minute  of  crosshead  travel. 

Since  the  1-inch-square  specimens  (MIL-STD-401A)  were  cut 
to  within  0.01-inch  accuracy,  the  ultimate  load  was  read 
directly  as  the  ultimate  stress. 

As  discribed  in  MIL-STD-401A,  2-inch-by-2-inch  sandwich  test 
specim  ns  were  used  for  the  flatwise  compression  tests  which 
were  conducted  in  the  100,000-pound-capacity  Baldwin  testing 
machine  operating  at  a  crosshead  speed  of  0.033  inch  per 
minute.  Crosshead  movement  measured  with  a  dial  gage  was 
taken  as  the  core  deformation  in  these  tests. 

The  data  from  this  series  of  tests  are  tabulated  in  Tables 
11  and  12  on  pages  64  and  65,  respectively.  Figire  20  on 
page  33  illustrates  the  major  result  of  the  tests. 

3 .  Core  Modulus  of  Elasticity  Test 

To  sample  the  compressive  properties  of  the  core  perpendicular 
to  the  flute  direction,  5-inch-wide  by  10-inch-long  specimens 
were  cut  from  the  large  sheets  with  a  sharp  knife,  and  their 
ends  were  cast  in  polyester  resin  reinforced  with  molding 
plaster.  Specimens  were  cut  with  the  length  demension  run¬ 
ning  both  perpendicular  and  parallel  to  the  core  ribbon. 

The  test  fixture  consisted  of  two  vertical  slotted  guides 
between  which  the  core  was  placed.  Thus,  during  the  vertical 
compressive  load  application,  the  specimen  was  free  to  expand 
perpendicular  to  the  flute  direction  while  being  restrained 
from  buckling  in  the  flute  direction.  The  load  was  applied  in 
increments  by  evenly  weighting  the  upper  end  of  the  specimen 
(the  weights  were  accurate  to  0.01  gram),  and  the  deflection 
of  the  end  was  measured  with  an  engineering  scale  to  the 
nearest  0.01  inch.  Prior  to  each  test,  the  cross-sectional 
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Figure  12.  Test  Setup  for  Flatwise  Tensile 
Properties  of  Sandwich. 
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dimensions  were  measured  to  within  0.05  inch  for  the  stress 
area  calculation.  The  strength  values  are  tabulated  in 
Table  13  on  page  65. 

4.  Compression  and  Tension  Tests  of  Facing  Laminates 

During  the  latter  part  of  the  research  program  when  the 
separately  bonded  type  of  sandwich  was  being  used  exclu¬ 
sively,  strips  were  cut  from  the  prelaminated  facings  to 
test  for  materials  data  in  support  of  the  theoretical  cal¬ 
culations.  One-inch  wide  strips  were  cut  from  the  facings 
with  a  large  sheet-metal- type  shear,  further  trinmed  to 
length,  and  then  ground  to  final  dimensions  and  squareness 
(compression  specimens:  0.875  inch  by  3.675  inches;  tension 
specimens:  0.750  inch  by  9.0  inches). 

To  prepare  the  compression  specimens  for  testing,  they  were 
coated  with  a  powered  molybdenum  disulphide  lubricant 
(Molykote  Z)  and  lightly  clamped  (screwed  finger  tight)  in 
the  test  fixture.  The  particular  test  fixture  used  was 
developed  in  the  separate  fabrication  program  (reference  1) . 
It  functioned  to  prevent  buckling  of  the  thin  laminates,  as 
can  be  seen  from  the  photograph  of  Figure  5  on  page  6. 

The  fixture  with  the  test  specimen  was  placed  on  the  lower 
platen  of  the  testing  machine  (either  the  Baldwin  or  the 
Instron)  with  the  top  of  the  specimen  fitted  into  a  tapered 
slot  in  the  upper  loading  block.  The  specimen  was  then 
vertically  aligned  and  a  wedge  inserted  into  the  slot  along 
the  end  of  the  specimen  to  provide  a  fixed-end  condition 
during  loading  (Figure  13). 

Figure  13  also  shows  the  installation  of  the  Baldwin- 
Weidemann  B3M  extensometer  which  was  converted  to  measure 
compression  strain.  The  instrument  was  used  in  conjunction 
with  an  x-y  recorder  which  plotted  directly  the  load  versus 
deformation  curve.  In  the  test,  only  a  portion  of  the  curve 
was  obtained  in  that  the  instrument  was  removed  at  75-per 
cent  load  to  prevent  its  damage. 

At  a  crosshead  speed  of  0.050  inch  per  minute,  each  specimen 
was  loaded  to  failure.  Except  in  a  very  few  cases,  the 
compression  failures  occurred  within  the  supported  length 
of  the  specimen  as  typified  by  B,  C,  D,  and  E  in  Figure  14 
on  page  23. 

The  final  step  in  the  preparation  of  the  tensile  specimens 
was  the  cutting  of  the  0.007-inch  influences  in  the  edges. 

As  discussed  ir  reference  1,  these  tiny  influences  in  the 
straiglit-sided  specimens  served  to  preclude  failure  in  the 
grips. 
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Figure  13.  Test  Setup  for  Compression  Test  of  Thin  Lam¬ 
inates  Showing  Specimen  and  Compressometer  Installation. 
(Pointer  A  identifies  the  wedge  grip  securing  the  speci¬ 
men  in  a  fixed-end  condition  during  loading.) 
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Figure  14.  Laminate  Compression  Specimens.  (A,  Specimen  Shape  Initially  Evaluated; 
B>  c»  D>  E»  Straight  Sided  Specimens  Which  Were  Used  Throughout  Test  Program  Showing 
Various  Points  of  Failure  That  Occurred  Within  Fixture  Grips.) 


The  test  coupons  were  placed  in  Templin  grips  with  self- 
adjusting  jaws  which  were  attached  to  the  loading  heads 
by  bolts  resting  on  cylindrical  seats  to  assure  true  align¬ 
ment.  F  .  •  1  5  shows  the  setup.  The  same  extensometer 

used  in  l.._  <~ession  tests  was  clamped  co  the  edges  of 
the  specimen  with  the  knife  edges  being  vertically  equi¬ 
distant  from  the  specimen  notches.  The  remaining  details 
of  the  tests  are  identical  with  the  compression  tests. 

For  both  types  of  tests,  stress  area  was  based  on  width 
measurements  taken  with  a  caliper  graduated  in  thousandths 
of  an  inch  and  on  thickness  measurements  taken  with  a  vernier 
micrometer.  The  width  measurement  was  obtained  by  a  random 
sampling  of  each  group  of  specimens;  however,  after  testing, 
thickness  measurements  were  made  for  each  individual  specimer 
at  a  point  1/2  inch  on  either  side  of  the  rupture;  the  two 
readings  were  then  averaged. 

Because  the  size  of  panel  that  could  be  fabricated  on  the 
laboratory  press  was  limited  (22-by-28-inch  platens),  it 
was  not  always  possible  to  obtain  laminate  specimens  having 
the  preferred  orientation  relative  to  the  direction  of  the 
weave  of  the  fiberglass  fabric,  especially  when  the  large 
buckling  panels  had  to  be  extracted  from  the  finished  sand¬ 
wich  panel.  Table  14  is  a  tabulation  of  the  strength  values 
obtained  in  these  tests.  The  results  may  be  found  on  page  35 
(Figure  23). 

B.  Buckling  Tests 

A  large  number  of  tests  are  involved  in  the  sandwich  buckling 
studies;  therefore,  for  the  convenience  of  the  reader,  the  test 
data  are  arranged  in  tables  according  to  mode  of  failure  and 
boundary  conditions  (Tables  4  through  9).  The  specimens 
employed  in  each  specific  test  are  denoted  by  a  group  number 
which  permits  complete  identification  of  the  structural  material. 

In  Table  3  the  specimens  are  identified  according  to  the  constit¬ 
uent  materials,  the  fabrication  method,  and  adhesive.  The 
details  of  fabrication  may  be  found  in  the  section  devoted  to 
fabrication.  For  the  sandwiches  fabricated  by  the  separately 
bonded  technique,  Table  14  is  provided  to  specify  the  conditions 
of  fabrication  of  the  facings. 

The  sandwich  specimens  from  both  the  single-step  and  the  separately 
bonded  constructions  were  prepared  in  a  similar  manner  for  all  the 
tests.  They  were  cut  from  the  press-size  panels  with  the  table  saw 
described  in  the  section  on  the  plate  shear  test,  and  then  the  load- 
bearing  edges  were  reinforced  with  a  potting  compound.  The  rein¬ 
forcement  prevented  localized  failui.  "“S  and  provided  a  more  uniform 
loaded-edge  condition.  Polyester  resin  filled  with  a  high-strength 
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Figure  15.  Test  Setup  for  Tension  Test  of  Thin  Laminates 

Showing  Specimen  and  Baldwir.-Wiedemann  Extensometer  Instal¬ 
lation. 


molding  plaster  (30  per  cent  by  weight)  functioned  well  for  this 
purpose.  Initially,  an  aluminum  filled  epoxy  resin  was  tried, 
but  better  results  were  obtained  with  the  polyester. 

When  the  reinforcing  resin  had  cured  (1  hour  at  room  temperature), 
the  loaded  edges  were  ground  flat  and  parallel  to  each  other  and 
orthogonal  to  the  facings.  The  accuracy  of  0.001  inch  run-out 
along  each  of  these  edges  was  found  acceptable  to  insure  equal 
strain  in  the  facings  under  load  in  the  test  jigs. 

1.  General  Buckling  Tests 

The  initial  test  work  in  the  general  buckling  of  sandwich 
panels  concerned  the  development  of  testing  techniques  and 
specimen  restraint  systems.  At  first,  a  limited  amount  of 
testing  was  done  on  hinged-end  plate  columns  to  observe  the 
threshold  of  panel  buckling.  These  data  are  recorded  at  the 
top  of  Table  8  for  reference.  Next,  the  condition  of  clamped 
loaded  ends  and  hinged  sides  was  explored. 

A  200,000-pound-capacity  Tinius  Olsen  balance-beam  testing 
machine,  operating  at  a  crosshead  speed  of  0.033  inch  per 
minute,  was  used  to  apply  the  edgewise  compression  load  to 
the  specimens.  An  important  step  in  setting  up  the  tests 
was  the  securing  of  the  mill-faced  loading  blocks  to  the 
upper  and  lower  loading  platforms  of  the  testing  machine 
such  that  the  load  would  be  uniformly  distributed  across 
the  edge  of  the  specimen.  The  blocks  were  shimmed  as  neces¬ 
sary  until  their  surfaces  were  perpendicular  to  the  load 
line  and  parallel  to  each  other  throughout  their  surface 
area.  This  condition  was  verified  before  each  series  of 
tests  by  feeler  gage  measurements  with  the  blocks  in  close 
proximity . 

The  guide  lines  scribed  on  the  loading  blocks  were  used  to 
center  the  specimens.  After  alignment  and  centering,  the 
specimens  were  locked  in  place  at  each  end  by  pairs  of 
accurately  machined  steel  wedges.  The  blocks  and  wedges 
are  shown  in  Figure  6  on  page  7. 

The  side  clamps  were  then  screwed  snugly  against  the  speci¬ 
men  and  the  large  panel  compressometer^  was  installed,  as 
facing  strain  was  monitored  during  these  tests.  The  facings 
had  been  drilled  previously  to  receive  the  needle  points  of 
the  compressometer  (number  53  drill). 


Figure  6,  see  reference  1  for  description 
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To  insure  that  equal  strain  was  occurring  in  each  facing, 
the  specimens  were  preloaded  twice  to  50  pel  cent  of  the 
anticipated  maximum  load  prior  to  the  test.  This  proof 
loading  further  served  to  eliminate  the  initial  modulus  of 
the  facings  (reference  11,  page  60). 

The  load  at  which  the  beam  of  the  testing  machine  dropped 
was  recorded  as  the  failure  load;  however,  a  more  accurate 
failure  criterion  was  subsequently  developed.  Though  the 
loads  were  not  considered  precise,  the  stresses  were  calcu¬ 
lated  and  tabulated  (Table  7)  for  reference.  The  stress 
area  was  based  on  the  average  length  measurement  of  the 
two  loaded  edges  (measured  to  within  0.010  inch),  and  a  thick¬ 
ness  value  was  obtained  by  multiplying  the  nominal  thickness 
per  ply  (0.01  irch)  by  the  number  of  plies  of  fiberglass  fabric 
in  the  facing  laminate. 

The  improvements  derived  from  the  series  of  tests  just  de¬ 
scribed  were  used  to  investigate  more  thoroughly  the  general 
buckling  of  flat,  rectangular  sandwich  panels  when  all  edges 
were  restrained  as  hinges,  all  panels  being  sized  to  buckle 
in  a  single  half  wave. 

The  hinged  or  simply  supported  edge  condition  was  achieved 
for  the  loaded  edges  of  the  panels  by  a  unique  set  of  loading 
blocks  or  plates.  These  fixtures  are  in  essence  segmented 
hinges  mounted  in  the  steel  loading  plates.  There  are  14 
1-inch  segments  per  plate.  Each  segment  consists  of  a  roller 
block,  grooved  on  top  to  receive  the  edge  of  the  sandwich 
specimen  and  machined  in  a  simicirular  shape  on  the  bottom 
to  form  the  inner  race  of  a  roller-type  bearing.  The  outer 
race  for  each  block  was  machined  into  the  loading  plate. 

This  recessing  of  the  bearing  into  the  loading  plate  placed 
the  center  of  rotation  of  each  segment  precisely  at  the 
edge  of  the  specimen. 

The  side  clamps  were  a  modified  version  of  those  used  in  the 
first  series  of  tests.  The  grips  were  originally  too  wide, 
giving  more  of  a  fixed  edge  condition  than  the  desired  hinge. 
The  final  configuration  consisted  of  a  pair  of  steel  angles 
fitted  with  1/8-inch-by-l-inch  steel  plates  which  were  tapered 
and  ground  to  a  1/16-inch-thick  knife  edge  at  the  point  of 
contact  with  the  specimen  (Figure  16).  When  installed,  these 
clamps  extended  past  the  loaded  end  of  the  specimen  to  avoid 
having  any  part  of  the  specimen  unsupported. 

The  setting  up  for  the  tests  was  similar  to  the  procedure  fol¬ 
lowed  previously.  With  the  roller  blocks  in  line,  the  loading 
plates  were  fastened  to  the  upper  and  lower  tables  of  the  test¬ 
ing  machine  and  aligned  as  described  before.  After  the  loading 
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need  in  close  proximity  ot  1  In-  hinges  during  the 


LOAD  (Lb*) 


head  had  been  lowered  on  the  specimen  and  the  specimen  had 
been  tightened  with  paper  shims,  the  side  grips  were  bolted 
snuggly  against  the  edges  (but  not  curshing  them).  The 
segments  of  the  hinges  not  in  use  were  always  removed  prior 
to  side-clamp  installation.  This  permitted  the  specimen  to 
overhang  the  active  set  of  segments  approximately  1/4  inch 
cn  each  side  so  that  the  side  clamps  could  be  placed  against 
the  outside  hinges,  leaving  none  of  the  specimen  unsupported. 

As  mentioned  previously,  a  more  accurate  means  was  used  to 
locate  the  failure  load  than  just  the  drop  of  the  balance- 
beam.  Side  deflection  was  the  method  chosen,  as  measured 
by  a  ten-thousandths-dial  gage  centered  against  and  orthogonal 
to  one  facing. 

Each  panel  was  loaded  continuously  at  a  crosshead  speed  of 
0.033  inch  per  minute  until  the  panel  failed.  Side  deflec¬ 
tion  was  recorded  at  each  increment  of  load  until  the  deflec¬ 
tion  rate  increased  rapidly,  at  which  time  the  gage  was  removed 
to  prevent  its  damage.  All  specimens  that  buckled  exhibited 
the  same  pattern  of  failure.  The  center  deflection  began  as 
soon  as  load  was  applied  and  continued  at  a  uniform  rate  until 
the  critical  stress  was  approached,  at  which  time  there  would 
be  a  rapid  deflection  of  as  much  as  1/2  inch. 

The  failure  loads 
recorded  were  obtained 
from  the  plots  of  load 
versus  side  deflection. 
The  load  corresponding 
to  the  inflection  point 
on  the  curve,  as  best 
as  could  be  determined, 
was  the  accepted  load. 
One  of  the  better  cases 
is  shown  in  Figure  17. 


Usually,  the  panels 
showed  no  apparent 
structural  damage  at 
(“.he  point  of  buckling. 
The  heat  resistant 
phenolic  (HRP)  core 
panels  would  return 
near  to  their  original 
shape  when  unloaded, 
while  the  aluminum 
core  panels  would  retain 
a  permanent  warp.  Continued  loading  would  cause  the  panels  to 
break  free  from  the  test  fixture,  leaving  a  large  wrinkle  near 
one  of  the  loading  plates. 


Figure  17.  Typical  Curve  of  Load 
Versus  Side  Deflection  for  General 
Buckling  of  Sandwich  Panels.  (Data 
taken  from  specimen  group  12,  a  =  9 
inches . ) 
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All  of  the  specimens  used  in  these  tests  were  of  the  separately 
bonded  type;  hence,  the  actual  facing  thicknesses  were  used  in 
the  stress  calculation.  For  the  theoretical  calculations,  the 
effective  dimensions  of  the  panels  (distances  between  clamps) 
were  measured  also  (0.01-inch  accuracy)  as  well  as  the  thick¬ 
ness  (t)  of  the  finished  sandwich  (0.0001-inch  accuracy).  The 
data  are  tabulated  in  Table  8,  and  the  results  are  presented 
and  discussed  on  pages  35  through  39  (Figure  24  and  Table  1) . 

2 .  Face  Wrinkling  and  Shear  Crimping  Tests 

The  te3t  procedures  for  these  two  buckling  phenomena  were  simi¬ 
lar  and  will  be  discussed  together.  Actually,  the  procedures 
were  identical  to  those  of  the  early  general  buckling  tests  ex¬ 
cept  at  the  point  where  the  side  clamps  were  installed.  No 
restraints  were  placed  on  the  sides  of  the  specimens  used  in 
the  face  wrinkling  or  shear  crimping  tests--only  the  loaded 
edges.  Clamped  or  fixed  loaded  ends  (produced  by  the  previous¬ 
ly  described  wedge  grips)  were  used  when  the  shear  crimping  was 
sought,  and  both  clamped  and  hinged  loaded  ends  when  face 
wrinkling  was  deliberately  sought. 

The  hinge  fixture  used  here  was  the  predecessor  to  the  one 
described  under  general  buckling.  It  differed  in  that  differ¬ 
ential  rotation  along  the  loaded  edges  of  the  specimens  was 
not  provided  for  (the  hinge  was  not  segmented)  and  the  center 
of  rotation  was  not  precisely  at  the  edge  of  the  specimens. 

At  a  crosshead  speed  of  0.033  inch  per  minute  on  the  Tinius 
Olsen  testing  machine,  the  specimens  were  loaded  to  failure-- 
until  the  load  decreased  abruptly.  The  nominal  fabric  thick¬ 
ness  per  ply  was  again  used  to  calculate  stress  area.  Many  of 
these  tests  preceded  the  general  buckling  tests  and,  hence, 
served  to  assess  the  initial  efforts  at  fabrication  as  well  as 
assist  in  the  development  of  the  test  fixtures  and  test  techni¬ 
ques.  The  data  are  recorded  in  Tables  4,  5,  and  6.  The  re¬ 
sults  from  these  tests  are  discussed  on  pages  40  to  47.  Table 
2  and  Figures  25,  26,  and  27  are  part  of  the  presentation. 

3 .  Intracellular  Buckling  Tests 

For  the  intracellular  buckling  (face  dimpling)  investigations, 
the  fixed-end  plate  column  was  again  used.  Detection  of  the 
phenomenon  was  accomplished  by  a  battery  of  dial  gages  measur¬ 
ing  certain  side  deflections.  The  gages  were  mounted  in  pairs 
so  that  on  one  side  of  the  panel,  the  stem  of  a  gage  was  rest¬ 
ing  against  the  facing  over  the  center  of  a  core  cell,  while 
the  gage  on  the  opposite  side  was  placed  with  its  stem  over 
the  wall  of  the  same  cell.  By  comparing  readings  of  such  a 
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pair  of  gages,  it  was  determined  whether  the  movement  indicated 
the  expected  face  dimpling  or  lateral  translation  of  the  panel 
as  a  whole.  Figure  18  shows  the  dial  gage  arrangement. 


Figure  18.  Test  Setup  for  Intracellular  Buckling  Failure 
Mode.  (Opposing  dial  gages  were  placed  over  a  cell  center 
and  cell  wall  respectively.  The  upper  set  of  gages  were 
placed  near  the  center  of  the  panel  during  the  tests.) 


The  setup  and  alignment  of  the  specimens  followed  that 
described  previously.  The  large  panel  compressometer  was 
used  to  monitor  facing  strains  and  was  especially  beneficial 
in  confirming  the  alignment  of  the  specimens.  With  the 
specimen  unloaded,  all  dial  gages  were  then  placed  in  posi¬ 
tion  and  their  initial  readings  recorded.  The  load  was 
applied  at  the  rate  of  0.033  inch  per  minute  in  the  Tinius 
Olsen  testing  machine.  The  loading  was  stopped  momentarily 
in  500-pound  increments  to  facilitate  reading  of  the  dial 
gages. 

As  in  the  case  of  the  general  panel  buckling  tests,  it  was 
necessary  to  remove  the  dial  gages  prior  to  specimen  failure 
to  prevent  their  damage.  Since  the  failure  criterion  was  also 
the  same  (the  point  at  which  the  center  deflection  of  the 
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facing  spanning  the 
cell  opening  rapidly 
increased)  and  since 
the  specimens  failed 
catestrophically 
shortly  beyond  the 
dimpling,  needless  to 
say  it  was  difficult 
to  obtain  the  desired 
data  to  permit  accu¬ 
rate  pinpointing  of 
the  failure  load. 
Figure  19  shows  one  of 
the  better  plots  ob¬ 
tained  from  the  data. 


Figure  19.  Typical  Curve  of  Load 
Versus  Amplitude  of  Dimpling.  [Data 
taken  from  specimen  group  31  (+R)] 


The  specimens  for 
these  tests  were  of 
the  separately  bonded 
type;  hence,  facing 
thickness  obtained  by  actual  me.asurement  was  used  in  the  stress 
area  calculation.  The  data  are  listed  in  Table  9,  and  the 
results  are  presented  on  pages  47  to  49  (see  Figure  28) . 


EXPERIMENTAL  RESULTS  AND  EVALUATION 


The  experimental  results  of  the  research  program  are  discussed  according 
to  the  type  of  experiment  and  mode  of  failure  as  follows: 

A.  Results  of  the  Material  Properties  Tests 

To  accomplish  the  main  objective  of  the  research,  the  verification 
of  existing  strength  relationships  for  FRP  sandwich,  it  was  neces¬ 
sary  to  obtain  properties  of  the  materials  used  to  build  the  sand¬ 
wich  and  to  monitor  these  for  effects  of  sandwich  fabrication.  The 
findings  are  duscussed  according  to  the  constituent  and  its  property. 

1.  Sandwich  Plate  Shear  Tests 


As  mentioned  in  the  introduction  to  the  procedure  followed  in 
these  tests,  core  strength  data  were  extracted  from  the  manu¬ 
facturers'  publications  and  included  with  those  obtained  in 
this  program  (Table  10).  It  can  be  seen  that  the  cores  are  up 
to  par  in  strength  and  that  no  adverse  effect  was  produced  by 
sandwich  fabrication.  In  fact,  quite  to  the  contrary,  sandwich 
fabrication  was  noticed  to  increase  the  stiffness  of  the  core 
in  certain  cases. 
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The  fabrication  process  appears  to  influence  the  core  proper¬ 
ties  through  the  filleting  of  the  adhesive  and/or  resin  during 
cure.  Figures  21  and  22  are  plots  of  shear  strength  and  modu¬ 
lus,  respectively,  versus  core  thickness  for  the  various  adhe¬ 
sives  employed  in  sandwich  construction.  The  plotted  data  are 
averages  obtained  from  Table  10.  These  plots  indicate  that 
the  adhesive  effect  becomes  more  pronounced  as  the  thickness 
of  the  core  decreases.  Greater  effect  is  seen  to  occur  in 
the  case  of  the  EC- 1595  adhesive  when  it  was  applied  to  the 
B-staged  fabric  before  cure. 


2.  Flatwise  Tension  and  Compression  Tests 


These  tests  were  very  limited  in  scope  and  were  intended  to 
confirm  published  data  where  available  and  where  not,  to 
generate  a  sampling.  The  flatwise  tension  tests  further 

served  as  a  means  of 
observing  the  sand¬ 
wich  core-to-facing 
bonds.  The  data  are 
presented  in  Tables 
11  and  12  and  reveal 
two  specimen  groups 
lower  in  strength  than 
the  core  materials. 
These  are  groups  13 
and  16  where  the  EC- 
1595  was  brushed  on 
the  pre-preg  prior  to 
single-step  construc¬ 
tion. 


Figure  20.  Relation  Between 
Flatwise  Tensile  Strength  of  3/8- 
Inch-Cell,  5052-0. 001P  Aluminum  Core 
in  Sandwich  Construction  and  Nominal 
Core  Thickness. 


As  could  be  suspi- 
cioned,  the  core  ten¬ 
sile  strength  also 
displayed  the  adhesive 
effect  noted  in  the 
shear  properties. 
Figure  20  is  a  plot  of 
flatwise  tensile 
strength  versus  core 
thickness . 


3.  Core  Modulus  of  Elasticity  Tests 


These  exploratory  tests  were  made  to  confirm  the  very  low 
values  of  modulus  of  the  core  materials  in  the  perpendicular 
to  flute  direction  predicted  by  other  investigators.  The 
values  obtained  are  tabulated  in  Table  13  on  page  65. 
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Figure  21.  Relation  Between  Core  Shear  Figure  22.  Relation  Between  Core  Shear 

Strength  of  3/8-Inch-Cell ,  5052-0. 001P  Modulus  of  3/8-Inch-Cell ,  5052-0. 001P  Aluminum 

Aluminum  Core  in  Sandwich  Construction  and  Core  in  Sandwich  Construction  and  Nominal  Core 

Nominal  Core  Thickness.  Thickness. 


4.  Compression  and  Tension  Tests  of  Facing  Laminates 


The  properties  for  all  the  laminates  are  given  in  Table  14. 
Several  thicknesses  of  facing  laminates  of  the  one  material, 
F150-11  pre-preg,  were  used  in  the  buckling  studies,  especially 
in  general  buckling.  The  properties  of  these  facings  were 

obtained  by  test 
specifically  for  use 
in  the  theoretical 
calculations  of  panel 
failure  stress;  how¬ 
ever,  an  overall  view 
of  the  properties 
themselves  revealed 
the  interesting  thick¬ 
ness  dependency  noted 
by  other  investigators 
(reference  11) . 

Figure  23  illustrates 
the  trend  in  which 
the  strength  proper¬ 
ties  are  seen  to 
decrease  with  thick¬ 
ness.  The  occurence 
is  probably  a  surface 
phenomenon.  The  tiny 
surface  flaws  produced 
during  fabrication  no 
doubt  have  a  greater 
influence  on  the  strength  of  the  thinner  laminates.  The  data 
for  these  curves  were  obtained  by  averaging  the  values  given 
in  Table  14  for  the  2-,  3-,  and  4-ply  F150-11  pre-preg  lamin¬ 
ates  . 

B.  Results  From  Buckling  Tests 

Each  of  the  buckling  modes  is  discussed  separately  in  the  follow¬ 
ing  four  subsections. 

1 .  General  Buckling  Tests 

As  explained  in  the  test  procedure,  the  beginning  tests  in 
general  buckling  functioned  to  develop  testing  techniques 
and  fixtures,  with  the  most  precise  work  being  done  in  the 
last  series  of  tests  with  the  hinged  boundary  condition. 
Location  of  failure  load  was  seen  to  be  a  problem;  therefore, 
a  definite  failure  criterion  was  established  for  the  more 
precise  tests.  Failure  would  be  based  on  the  character  of 
the  mid-panel  side  deflection  measured  during  each  test. 


FACMG  THICKNESS,  tp  (inch**) 


Figure  23.  Variation  of  Facing 
Modulus  and  Ultimate  Strength  with 
Thickness . 
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On  the  basis  of  the  a-indings  in  references  5  and  6,  it  was 
anticipated  that  the  panels  would  continue  to  take  increased 
loads  after  the  occurrence  of  the  first  large  side  defection; 
hence,  it  was  desired  that  the  inflection  point  of  the  plot 
of  load  versus  side  deflection  be  used  as  the  failure  load. 
However,  in  practice,  the  side  deflection  took  place  very 
rapidly  as  the  critical  load  was  approached.  In  only  a  few 
cases  was  it  possible  to  detect  the  secondary  loading.  The 
deflection-load  plot  was  usually  very  near  horizontal  at  the 
time  when  the  dial  gages  were  removed  to  prevent  their  being 
damaged;  hence,  this  point  was  taken  as  the  failure  load 
(Figure  17,  page  29).  There  were  cases  where  the  slope  was 
not  horizontal,  and  in  these  cases  the  inflection  point  was 
estimated. 

In  view  of  the  rapid  occurrence  of  the  buckles  for  the  small 
sandwich  panels  and  the  need  for  precision  in  locating  the 
failure  load,  a  more  sophisticated  system  should  be  used  for 
future  tests.  A  more  rugged  system  capable  of  automatically 
tracking  the  entire  failure  process  should  be  considered. 

The  equations  presented  in  references  7  and  8  treating  flat 
rectangular  panels  with  orthotropic  facings  and  cores  were 
used  to  predict  the  buckling  stresses.  These  equations  in 
terms  of  the  symbols  adopted  in  this  report  are  as  follows: 

Equation  31  of  reference  7: 
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Equation  1  of  reference  8  (symbols  retained): 
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Calculated  critical  buckling  stresses  for  comparison  with  test 
values  were  obtained  from  equation  7  since  its  derivation  was 
more  rigorous  than  that  of  equation  1.  An  approximate  method 
was  used  to  account  for  core  shear  in  the  case  of  equation  1. 
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A  comparison  of  calculated  values  for  equation  1  and  equation 
7  is  shown  in  Table  1  on  the  following  page  (sample  calcula¬ 
tions  are  given  in  Appendix  II),  It  must  be  noted  that  it 
was  necessary  to  use  approximations  from  the  literature  for 
E45  (facing  modulus  at  45  degrees  to  fabric  warp),/*p,  and 
the  ratio  of  facing  strength  in  the  warp  and  weave  directions 
in  order  to  make  these  calculations.  Both  methods  yielded 
values  which  were  close  to  each  other,  thus  indicating  that 
core  shear  plays  only  a  small  roll  in  the  buckling  of  panels 
with  the  hinged  boundary  condition.  The  values  calculated  by 

equation  7  are 
plotted  with  the 
test  values  in  Figure 
24.  Complete  valida¬ 
tion  of  the  buckling 
theory  is  not  deemed 
appropriate  until 
further  tests  can  be 
made  with  a  more 
sophisticated  side 
deflection  instru¬ 
mentation;  however, 
it  is  noted  that  in 
most  cases  the  cal¬ 
culated  values  were 
conservative  (below 
the  test  values). 


FAILURE  STRESS,  CALCULATED  f  Fcr  (p*i  x  I0‘5) 

Figure  24.  Comparison  of  Calculated 
and  Test  Values  of  Failure  Stress 
for  General  Buckling  of  Sandwich 
Panels  with  All  Edges  Simply 
Supported , 


It  is  very  noticeable 
from  the  test  data 
(Table  8)  that  for 
the  dimensions  and 
types  of  materials 
expected  to  be  used, 
several  values  of 
general  buckling 
stresses  are  much 
lower  than  for  those 
of  the  other  modes 
of  failure.  It  is 
conditions  (hinged 
and 


concluded  that  the  other  basic  boundary 
ends  and  clamped  edges,  clamped  ends  and  hinged  edges, 
clamped  ends  and  edges)  should  be  investigated  in  greater 
detail.  From  the  designer's  as  well  as  the  analysist's 
point  of  view,  the  theoretical  prediction  of  this  mode  of 
failure  should  be  thoroughly  backed  with  test  data  for 
structural  sandwich  of  honeycomb  cores  and  epoxy-fiberglass 
facings . 
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2 .  Face  Wrinkling  Tests 


References  2  and  3  served  as  the  theoretical  basis  for  the 
face  wrinkling  investigations.  The  equations,  which  were 
developed  from  the  theory  of  elasticity,  are  lengthy  and  will 
be  repeated  only  as  necessary  to  show  the  calculations.  As 
stated  in  these  papers,  the  practical  face  wrinkling  problem 
is  not  one  of  instability;  but  rather  one  of  progressive 
deformation  due  to  initial  irregularities  and  eccentricities 
in  the  facings.  During  edgewise  compression  of  the  sandwich, 
the  irregularities  of  the  aces  increase  gradually,  thereby 
increasing  the  load  on  the  core  and  glue  line  until  failure 
occurs,  at  which  time  rapid  facing  deflection  takes  place 
to  form  the  wrinkles. 


It  was  est5.mated  that  during  fabrication,  the  core  cells 
influenced  the  formation  of  these  irregularities.  This 
reasoning  appears  sound,  particularly  for  the  single-step 
constructed  FRP  sandwich.  Since  in  fabrication  the  facings 
were  laminated  by  the  pressure  applied  through  the  ends  of 
the  core  cells,  the  facing  thickness  was  less  at  these  loca¬ 
tions  and  greater  over  the  center  of  the  cells,  although  the 
outside  surface  was  relatively  flat.  Thus,  in  effect,  initial 
waves  were  built  into  the  facings  which  were  of  a  half-wave 
length  equal  to  the  core  cell  size.  The  same  condition  exists 
for  the  separately  bonded  sandwich  but  to  a  lesser  degree. 


On  page  5  of  reference  3,  it  was  concluded  that  sandwich 
panels  with  honeycomb  cores  would  wrinkle  symmetrically; 
consequently,  equations  9  and  10  of  that  report  were  used 
in  the  present  study.  The  equations  are  repeated  here  in 
terms  of  the  symbols  adopted  for  this  report. 
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Introducing  the  parameters  a,  B,  and  b,  the  equation  may  be 
abbreviated  as  follows: 
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W. _ 

t  4-  bL 
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(19) 
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These  equations  are  in  essence  reductions  of  a  more  general 
equation  developed  in  referenc  2.  The  application  to  sand¬ 
wich  of  honeycomb  core  was  made  on  the  basis  of  an  examination 
of  test  data  for  typical  honeycomb  cores --those  with  low 
values  of  elastic  modulus  perpendicular  to  the  flute  direction 
as  compared  to  that  parallel  to  the  flute  direction 
(Ec2)  and  to  the  shear  modulus  (Gq2).  Stated  mathematically, 
this  condition  prevails  when  the  parameter  H  is  much  less 
than  0.5  where: 

_  1ECb  EC2  ljECb 

2GCbz  Cb2  I  ECz 

It  was  stated  that  if  K  is  very  small  (say  in  the  hundredths), 

L  may  be  taken  equal  to  the  cell  size  of  the  core  and  the 
value  of  b  calculated  using  test  values  of  strength  from 
specimens  of  a  certain  core  thickness.  Then  it  is  possible 
to  compute,  by  use  of  equation  IS,  the  wrinkling  stresses  of 
specimens  having  other  core  thicknesses.  Of  couse,  it  is 
understood  that  the  b  obtained  will  apply  only  to  sandwich 
having  similar  facings  as  regards  the  parameter  F/A0  (the  ratio 
of  the  glue-line  strength  to  the  ratio  of  the  amplitude  to 
half-wave  length  of  the  facing  initial  irregularities). 

A  spot  check  of  H  for  one  of  the  cores  used  in  this  program 
(see  sample  calculation),  readily  confirmed,  as  expected,  that 
the  parameter  is  small  for  honeycomb  cores  suitable  for  air¬ 
craft  construction.  Even  so,  the  theory  was  applied  with 
reservation  in  that  the  predicted  symmetrical  wrinkle  was  not 
consistently  obtained  in  the  tests.  The  1.5-inch-core  speci¬ 
mens  produced  the  best  results  in  this  regard,  as  is  shown  in 
Figure  25. 

It  is  interesting  to  note  that  the  final  collapse  of  the 
specimens  took  place  in  various  ways.  As  shown  in  the  figure, 
those  most  predominate  were  face  rupture,  core-to-facing  bond 
failure,  and  core  crushing.  In  the  beginning  of  the  work,  an 
effort  was  made  to  catalogue  the  final  collapse  of  the  speci¬ 
mens,  and  this  information  is  recorded  in  the  data  tables  for 
reference  (see  Figure  29  for  the  classifications).  Observation 
during  the  testing  of  the  specimens  that  collapse  because  of 
face  rupture  did  not  reveal  positively  that  wrinkling  was  the 
cause  of  failure- -the  collapse  was  too  abrupt.  However,  the 
stresses  seem  to  agree  with  the  remaining  data  indicating  that 
face  wrinkling  did  precipitate  the  failure. 

Another  observation  that  can  be  made  from  the  figure  is  that 
the  half-wave  length  of  the  wrinkles  is  noc  equal  to  the  cell 
size  of  the  core.  Nevertheless,  the  theory  was  applied.  One 
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wrinkle . 


RMLURE  STRESS, TEST  (p*l  *10' 


set  of  specimens  from  each  of  three  classes  of  sandwich 
(class  1:  specimen  groups  17a  and  19;  class  2:  specimen 
groups  1,  2,  and  3;  class  3:  specimen  groups  4,  5,  7,  8, 
and  10)  was  used  to  calculate  the  parameter  b  which  contains 
the  elusive  parameter  F/AQ,  the  ratio  of  bond  strength  to 
initial  waviness.  The  choice  of  the  particular  group  used 
for  the  b  calculation  was  arbitrary.  These  values  were  then 
used  according  to  equation  19  to  predict  the  wrinkling 
stresses  for  the  other  cases  of  core  thicknesses.  The  calcu¬ 
lated  values  are  displaced  in  Table  2  on  the  following  page, 
and  a  sample  calculation  is  presented  in  Appendix  II.  The 
particular  test  data  used  in  the  anaysis  are  noted  in  Table  2. 
Not  all  the  data  in  Table  6  were  suitable  for  use,  in  that 
column  instability  obviously  preceded  the  critical  wrinkling 
stress . 


Figure  26.  Comparison  of  Calculated 
and  Test  Values  of  Failure  Stress 
for  Face  Wrinkling  of  Sandwich 
Panels . 


The  predictions 
plotted  in  Figure 
26  indicate  that 
reasonable  agreement 
was  obtained.  No 
doubt  the  accuracy 
of  the  calculations 
would  be  improved  by 
more  accurate  input 
data- -more  accurate 
values  for  material 
properties.  At 
several  points  in 
the  analysis,  even 
with  the  large  number 
of  supporting  tests 
that  were  conducted, 
it  was  necessary  to 
estimate  or  use  nom¬ 
inal  values  for 
properties.  T.iese 
are  pointed  out  in 
the  sample  calculation 
and  in  the  calculated 
data  table. 


It  is  particularily  noticeable  that  the  specimens  consistently 
failed  at  lower  stresses  when  the  load  was  orientated  90 
degrees  to  their  core  ribbon  directions.  This  is  true  for 
the  cross-ply  as  well  as  the  181-style  fabric.  It  was  possible 
to  predict  failure  in  this  orientation  of  the  core  by  an  appro¬ 
priate  b  calculation;  however,  the  reason  for  the  change  is 
not  clear.  One  possiole  answer  is  that  the  core  crushes 
differently  in  this  orientation  as  the  wrinkles  develop. 
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Titt  vilu<i  teken  fraa  Itblt  5  eKtept  In  the  following  c«««c  Pib  vtlun  underlined  ere  fro*  Teble  6,  the  velue  eufflJMd  with  Che  letter  A  le  the  everefe  o' 
i  end  I,  end  the  veluee  narked  with  ea  eetvrlek  ere  fm  Teble  4. 


Perhaps  the  core  shear  modulus  should  appear,  explicitly,  in 
the  stress  equation.  This  is  the  case  for  the  equations  given 
in  references  14  and  15  for  the  thick-core  sandwich.  Thus,  it 
appears  that  the  application  of  such  theory  would  be  beneficial 
in  the  analysis  of  FRP-honeycomb  core  sandwich  and  should  be 
considered  for  future  work. 

Viewing  the  presently  considered  theory,  it  is  apparent  that 
(within  the  range  of  b  values  encountered  in  the  present  study) 
the  sandwich  can  be  expected  to  carry  higher  edge  loads  as 
the  thickness  of  the  core  is  decreased,  at  least  to  the  point 
where  shear  instability  or  column  instability  becomes  a  problem. 
The  calculated  data  in  the  first  half  of  Table  2  shows  this 
trend. 

The  latter  part  of  Table  2  is  devoted  to  the  calculation  of 
values  of  the  parameter  b  for  the  purpose  of  observing  the 
character  of  the  parameter  for  the  FRP  constructions.  The 
calculated  values  of  b  were  plotted  against  core  cell  size 
in  Figure  27  for  this  study.  The  replication  of  panels  is 
not  sufficient  to  establish  any  functional  relationships; 
however,  there  are  several  valuable  observations  that  can  be 
made.  First,  note  that  the  parameter  b  for  the  cross-ply 
facings  tends  to  be  lower  than  for  the  woven  fabric,  suggest¬ 
ing  that  there  is  less  initial  waviness  present. 

Next,  it  is  seen  that,  for  a  given  cell  size  and  facing 
material,  parameter  b  is  greater  when  the  specimens  were 
loaded  perpendicular  to  the  core  ribbon  (+R)  and  greater  also 
for  panels  fabricated  by  the  single-step  method.  There  is 
one  exception  to  the  former  observation.  This  is  found  in 
specimen  group  13.  Here  the  reverse  situation  is  true--the 
parameter  b  is  greatest  for  loading  parallel  to  the  core  ribbon 
direction  (=R) .  It  was  previously  noted  that  the  bond  strength 
was  low  for  this  group  (see  page  33);  hence,  the  anomaly  is 
attributed  to  inconsistent  core-to-facing  bond. 

Another  observation  is  that  b  varies  inversely  as  facing 
thickness.  Actually,  in  view  of  physical  considerations, 
this  and  the  two  previously  mentioned  observations  are  as 
anticipated . 

The  most  interesting  aspect  of  the  plotted  values  of  b  is 
the  maximum  that  appears  to  occur  at  the  1/4- inch  cell  size. 

The  initial  waviness  of  the  FRP  facings  in  sandwich  construc¬ 
tion  probably  accounts  for  this  phenomenon;  yet,  the  data 
should  be  much  more  extensive  before  a  definite  conculsion 
can  be  drawn  and  certainly  before  a  b-function  can  be  isolated. 


45 


PARAMETER  b 


l/g  3/|g  1/4  5/|6  3/8  7/|6 

CELL  SIZE  (INCHES) 


Figure  27.  Relation  Between  Calculated  Values  of  Face 
Wrinkling  Parameter  b  and  Core  Cell  Diameter. 
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In  consideration  of  the  discrepancies  between  theory  and  test 
noted  in  this  study,  the  theory  of  reference  3  should  be  used 
with  care  until  further  substantiation  can  be  accomplished. 
Indeed,  there  is  a  need  for  more  extensive  research  to  be  done 
regarding  the  facing  wrinkling  phenomenon.  Other  theories 
should  be  examined  and  additional  te: ts  conducted  until  the 
failure  can  be  predicted  with  confidence. 


3.  Shear  Crimping  Tests 


According  to  reference  3,  the  face  wrinkling  analysis  also 
provides  a  criterion  for  shear  instability.  Shear  failure 
is  expected  when  the  test  value  is  greater  then  the  value 
of  stress  calculated  by  the  following  equation: 


fFcr  = 


tc  G 

It? 


Cbz 


(21) 


The  specimens  for  these  tests,  most  of  which  were  from  the 
vacuum  press  early  in  the  fabrication  effort,  were  constructed 
of  commercially  available  core  materials.  As  predicted  by  the 
equation,  even  these  paper  cores  were  a  bit  too  still  to 
permit  shear  instability  to  develop.  There  was  no  evidence 
of  the  classical  shear  crimp.  The  sample  calculation  given 
in  Appendix  II  shows  that  shear  was  a  possibility  for  speci¬ 
men  group  25,  had  the  facings  been  of  sufficient  strength. 

It  appears,  however,  that  the  facings  ruptured  first  on 
groups  25  and  27.  Of  course,  this  type  of  failure  was  of  a 
catastrophic  nature  ultimately  involving  the  core  and  the 
core- to-facing  bond. 

Evidence  of  dimpling  and  face  wrinkling  was  noticed  in 
specimen  groups  24  and  26,  and  hence,  these  were  considered 
in  the  face  wrinkling  analysis. 

Shear  instability  doesn't  appear  to  be  of  concern  in  sandwich 
of  thickness  suitable  for  aircraft  structures;  however,  to 
cover  the  special  or  unforeseen  applications,  further  tests 
should  be  accomplished  to  insure  that  this  mode  of  failure 
can  be  accurately  predicted. 

4.  Intracellular  Buckling  Tests 

A  search  of  the  literature  revealed  no  theoretical  analysis 
of  the  phenomenon  of  intracellular  buckling  (face  dimpling) 
of  honeycomb  core  sandwich.  An  empirical  approach  to  the 
problem  was  taken  by  tha  investigators  of  reference  9.  The 
test  data  obtained  in  this  project  were  compared  with  the 
equation  given  in  that  report. 
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Equation  of  reference  9: 


fFcr  "  <Er/3>  <‘F',r>3/2 


where 


E 

r 


E 

t 


(22) 


(23) 


A  battery  of  dial  gages  was  used  to  detect  the  dimpling 
phenomenon  and  to  locate  the  load  at  which  failure  occurred. 
Opposing  dial  gages  (Figure  18)  were  used  to  detect  the 
movement  of  the  facing  over  the  core  cell  opening  relative 
to  that  over  the  core  cell  wall  and/or  to  detect  transverse 
movement  of  the  specimen.  As  in  the  case  of  general  buckling> 
the  dimpling  of  the  facings  was  discovered  to  occur  rather 
rapidly;  and  to  prevent  their  damage,  the  dial  gages  could  not 
be  left  in  position  consistently  to  trace  completely  the 
history  of  the  side  deflection,  especially  near  the  critical 
load.  In  addition,  there  was  a  multitude  of  cells  where 
dimpling  could  occur  in  each  panel.  It  was  not  possible  to 
monitor  more  than  two  cells  because  of  the  physical  size  of 
the  dial  gage  setup.  An  automatic  monitoring  system  could 
be  designed  to  track  the  deflections  on  a  number  of  cells 
simultaneously,  but  such  an  elaborate  system  was  not  possible 
in  this  pilot  study.  Thus,  it  is  possible  that  the  cell 
being  tracked  may  not  have  buckled  while  an  unmonitored  cell 
did. 

The  collapse  took  place  suddenly  as  a  core  failure  or  a  core- 
to-facing  bond  failure  or  a  combination  of  the  two.  In  only 
a  few  cases  was  it  possible  to  record  the  characteristic 
load  versus  side-deflection  curve.  There  were  two  such 
cases  with  the  following  combinations:  3/4-inch  cell,  3-ply 
facing;  and  3/4-inch  cell,  2-ply  facing.  The  best  curve  is 
illustrated  in  Figure  19  with  the  combination  of  the  3/4-inch 
cell,  3-ply  facing. 

The  investigation  was  further  complicated  by  the  difficulty 
of  obtaining  the  required  large-cell  core  material.  The 
commercially  available  material--Kraf t  paper  core--was  very 
nonuniform  in  cell  size  and  shape.  This  condition,  no 
doubt,  has  a  great  influence  on  the  test  results. 

The  three  cases  for  which  dimpling  could  reasonably  be 
identified  are  plotted  on  a  graph  of  equation  22  (Figure 
28) .  Because  of  the  lack  of  accurate  values  of  tangent 
modulus  (Et)  for  thin  laminates,  an  average  value  was  used 
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to  plot  the  curves  rather  than  a  reduced  value  (Er) . 

Where  test  values  of  modulus  for  the  desired  orientation 
of  warp  direction  were  not  available,  values  were  calculated 
from  ratios  obtained  from  reference  8  for  181-  and  143-style 
fabric  (see  sample  calculation).  To  lessen  the  effect  of 
the  deformed  core  cells,  the  cell  radius  (R)  for  the  para¬ 
meter  tp/R  was 
obtained  by  aver- 


0.04  OJOS  0  04  0.07  0.06  0.09  0.10 


aging  four  measure¬ 
ments  made  on  each 
specimen. 

It  is  concluded 
from  this  pilot 
investigation  that 
intracellular 
buckling  could  be 
a  problem  for  cell 
sizes  of  1/2  inch 
and  larger  in  com¬ 
bination  with  3-ply 
and  thinner  facings. 
A  more  extensive 
investigation, 
including  better, 


PARAMETER  tr/R 


more  elaborate 
instrumentation 


would  establish 

Figure  28.  Intracellular  Buckling  the  trends  in 

of  Sandwich  Panels.  (Comparison  of  detail.  A  better 

Test  Data  with  an  Empirical  Equation.)  theory  as  an 

improvement  upon 

the  present  empirical  relationship  should  be  attemped  in 
connection  with  the  experimental  investigation. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  major  conclusions  and  reconsnendations  drawn  from  the  research  are 
as  follows: 

1.  For  the  single-step  method  of  sandwich  construction,  room 
temperature  B-staging  of  the  resin  impregnated  facings  and 
the  use  of  a  separate  precure  phase  (a  gellation  period) 
in  the  resin  cure  cycle  were  found  beneficial  in  controlling 
the  resin  flow  from  the  facings  during  fabrication.  It  is 
recommended  that  these  techniques  be  employed  in  the  fabrica¬ 
tion  of  fiberglass-reinforced  plastics. 
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2.  The  response  of  the  res  in* curing-agent  mixture  to  low  pressures 
is  important  in  the  single*step  method  of  sandwich  construction 
by  the  vacuum  blanket  technique.  Twenty  inches  of  mercury  is  a 
safe  upper  limit  of  vacuum  to  prevent  bubbling  of  EPON  828-Z  resin 
in  the  200-degree-Pahretiheit  Temperature  range.  It  is  recommended 
that  cure  pressures  be  limited  to  tha  20«inch  mercury  vacuum. 

3.  Sandwich  construction  with  F?JP  materials  is  quite  versatile,  and  it 
is  believed  that  combinations  of  the  single-step  and  the  separately- 
bonded  methods  may  be  employed  to  achieve  any  desired  balance  be¬ 
tween  strength  properties,  mold  shape,  and  economy.  Hence,  it  is 
recommended  that  the  optimum  method  of  sandwich  construction  for 
vital  parts  of  an  aircraft  structure  be  determined  through  suitable 
research,  giving  due  regard  to  such  items  as  surface  smoothness, 
compound  curvature,  severity  of  loading,  and  molding  time  and  cost. 

4.  The  construction  of  sandwich  by  the  single-step  method  is  limited 
by  the  influence  of  the  conditions  of  facing  cure  on  the  core 
material,  especially  the  metallic  cores. 

5.  Postcure  of  the  facings  may  be  achieved  in  the  mold  or  press  during 
the  bonding  of  the  facings  to  the  core  when  high  curing  temperatures 
are  required  for  the  adhesive. 

6.  The  filleting  of  the  core-to-facing  adhesive  can  be  expected  to 
increase  both  the  flatwise  tensile  strength  and  the  shear  proper¬ 
ties  of  the  core  as  the  thickness  of  the  core  becomes  small. 

7.  The  irregularities  and  eccentricities  built  into  the  facings  of 
the  single-step  constructed  sandwich  tend  to  cause  premature 
buckling  failures.  The  separately-bonded  type  of  sandwich  con¬ 
struction  eliminates  this  tendency  to  a  great  extent  by  provid¬ 
ing  smoother  facings  of  more  uniform  thickness. 

8.  A  characteristic  of  thin  laminates  of  181-style  fiberglass  fabric 
and  epoxy  resin  is  a  decrease  in  the  strength  properties  with  de¬ 
crease  in  thickness  when  the  thickness  is  largely  established  by 
the  number  of  plies  of  fabric. 

9.  More  extensive  and  sophisticated  instrumentation  than  dial  gages 
is  needed  to  record  side  deflection  in  order  to  establish  the 
failure  load  for  general  buckling  and  intracellular  buckling  of 
small,  flat  sandwich  panels.  In  this  pilot  investigation  of  the 
general  buckling  of  small  sandwich  panels,  the  above  condition 
lessened  the  benefit  of  excellent  test  fixtures  for  panels  sup¬ 
ported  on  hinges  on  all  edges,  and  therefore,  additional  testing 
is  required  for  the  all  around  hinged  restraint  before  the  ade¬ 
quacy  of  the  theory  can  be  definitely  stated. 

10.  Further,  extensive  and  detailed  testing  is  needed  to  confirm  the 
theory  of  general  buckling  of  flat,  FRP  facing-honeycomb  core 
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sandwich  panels  restrained  according  to  the  additional  basic 
edge  conditions:  simply  supported  loaded  ends  and  clamped 
sides,  clamped  loaded  ends  and  simply  supported  sides,  and 
clamped  loaded  ends  and  clamped  sides.  The  observations  made 
in  this  project  indicate  that  general  buckling  may  be  the 
critical  mode  of  failure  in  normal  applications.  Therefore, 
it  is  recommended  that  these  tests  be  conducted  in  the  near 
future. 

11.  Contrary  to  some  predictions,  the  facings  of  sandwich  of  honey¬ 
comb  cores  will  not  consistently  wrinkle  in  the  symmetrical 
fashion  not  are  the  half-wave  lengths  of  the  wrinkles  neces¬ 
sarily  equal  co  the  core  cell  sire,  nevertheless,  the  theory 
of  reference  3  yielded  reasonable  values  of  calculated  failure 
stress  in  the  limited  studv  made  It'  this  report  and  should  be 
investigated  in  greater  d^tail--this  is  particularity  true 
regarding  the  character  of  the  parameter  b  for  FRP  facings. 

It  is  recommended  that  more  extensive  tests  be  conducted  to 
substantiate  the  theory  of  reference  3. 

12.  Higher  face  wrinkling  stresses  result  when  the  edgewise  loads 
are  applied  parallel  to  the  core  ribbon  direction  of  honeycomb 
core  sandwich,  indicating  that  the  core  shear  properties  play 
a  part  in  the  lace  wrinkling  phenomenon.  Therefore,  it  is 
recommended  that  teste  according  to  the  theory  advanced  in 
references  14  and  1 ;  also  be  conducted  in  conjunction  with  the 
work  outlined  in  paragraph  11  of  this  section. 

13.  Shear  crimping  should  not  be  a  problem  tor  honeycomb  core  sand¬ 
wich  except  for  thin,  flat  panels  employing  cores  of  very  low 
shear  modulus  (say  less  than  5,000  psi).  However,  for  these 
special  applications  the  existing  theory  should  be  confirmed 
by  tests  in  which  the  shear  failure  actually  occurred.  It  is 
recommended  that  additional  testing  be  done  to  achieve  the  shear 
failure.  Cores  of  materials  other  than  Kraft  paper  would 
probably  give  more  predictable  and  identifiable  results. 

14.  The  tests  reported  herein  indicate  that  intracellular  buckling 
probably  will  be  important  for  cell  sizes  equal  to  or  exceeding 
1/2  inch  in  combination  with  3-ply,  or  thinner,  facings.  Addi¬ 
tional  work  in  this  area  is,  therefore,  recommended.  The 
intracellular  buckling  phenomenon  should  be  established  on  a 
firm  theoretical  basis  and  confirmed  with  precision  tests. 

15.  Fabrication  of  structures  with  curvatures  and  investigation  of 
the  effect  of  curvature  on  the  basic  failure  modes  should  be 
accomplished  as  the  next  step  in  the  evaluation  of  fiberglass- 
reinforced  plastics  for  aircraft  use.  Consequently,  in  com¬ 
bination  with  the  work  suggested  in  paragraph  3,  it  is  recom¬ 
mended  that  work  on  curved  panels  and  simple  geometic  shapes 
be  initiated  as  soon  as  possible. 
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APPENDIX  I 


TABULATIONS  OF  TEST  RESULTS 


TABLE  3 

sandwich  naampicAYica  code 


Spec  lawn 

Croup 

Identification 

Cell 

Sise 

(in.) 

Core 

Thick. 

(in.) 

Cell  Wall 
Thlchness 

(4n- ) 

Core 

Type 

Interaodiate 

Adhesive' 

Fabricatlcn 

Method 

1/4 

1.00 

O.QG25 

50521 

AF-11CB 

Separately  Bonded 

2 

V* 

0.75 

0.0025 

5052 

at-uob 

Separately  Bonded 

3 

0.40 

0.0025 

5052 

AF-11CB 

Separately  Bonded 

4 

VJ 

1.50 

0.0013 

5052 

AF-110S 

Separately  Bonded 

5 

3/3 

1.00 

0.0013 

5052 

AF-UOB 

Separately  Banded 

6 

3/8 

0.75 

0.0013 

5C52 

Hone 

Single-Step 

7 

3/f 

0.75 

0.0C13 

5052 

AF-UOB 

Separately  Bended 

8 

3/8 

0.75 

0.0013 

5052 

EC-1595 

Separately  Bonded 

o 

i'8 

0.40 

0.0013 

5052 

BC-1595 

Single -Step 

i6 

3/8 

0.40 

0.0033 

5052 

AF-UOB 

Separately  Bonded 

n 

3/8 

0.20 

0.0013 

5052 

SC-1595 

Single-Step 

12 

3/8 

0.20 

0.0013 

5052 

AF-UOB 

Separately  Beaded 

13 

C.75 

0.0013 

5052 

SC-1595 

Single-Step 

14 

V* 

o.4o 

0.0013 

5052 

BC-1595 

Single-Step 

15 

3/i6 

0.75 

0.0013 

5052 

Hone 

Single-Step 

16 

3/16 

0.75 

0.0013 

5052 

EC-1595 

Single-Step 

17a 

3/16 

0.40 

0.0013 

5052 

EC-1595 

Separately  Bonded 

17b 

3/16 

0.40 

0.0013 

5052 

EC-1595 

Single-Step 

38 

3/16 

0.40 

0.0013 

5052 

Hone 

Single-Step 

19 

3/16 

0.20 

0.0013 

5052 

EC-1595 

Single-Step 

20 

3/16 

0.20 

0.0013 

5052 

AF-UOB 

Separately  Bonded 

21 

3/8 

0.40 

- 

HRP-GFUr 

AF-UOB 

Separately  Bonded 

22 

3/3 

0.20 

- 

HRP-GFU 

AF-UOB 

Separately  Bonded 

23 

3/l6 

0.20 

- 

HRP-GFli 

AF-UOB 

Separately  Banded 

24 

7/16 

0.75 

- 

125-35-203 

Hone 

Single-Step 

25 

7/16 

0.75 

- 

60-20-40 

Hone 

Single-Step 

26 

7/16 

0.50 

- 

125-35-20 

None 

Single-Step 

27 

7/16 

0.50 

- 

60-20-40 

Hone 

Single-Step 

28 

?/l6 

0.25 

- 

60-20-40, 

Hone 

Single-Step 

29 

3/4 

3/4 

- 

KP-99-lo* 

A -12 

Separately  Bonded 

30 

3/4 

3/4 

- 

KP-99-18 

A- 12 

Separately  Bcaided 

31 

3/4 

3/4 

- 

KP-99-18 

A-12 

Separately  Bonded 

32 

1/2 

3/4 

- 

KP-99-18 

A-12 

Separately  Bonded 

33 

1/2 

3/4 

- 

KP-99-18 

A-12 

Separately  Bonded 

34 

1/2 

3/4 

- 

KP-99-18 

A-12 

Separately  Bonded 

35 

3/4 

- 

KP-99-18 

A-12 

Separately  Bonded 

36 

3/8 

1 

- 

KP-99-18 

A-12 

Separately  Bonded 

37 

1/4 

3/4 

* 

KP- 99-13 

A-12 

Separately  Bonded 

1  H excel  Products,  Inc.  5052-Alunlnum,  Hexagonal  Cells  with  Perforated  Walls. 


2  Hexcel  Products,  Inc.  Heat  Resistant  Fhenollc  (HRP)  Inpregnated  Fiberglass, 
Hexagonal  Cells. 

3  Douglas  Aircraft  Company  Alrcocb  Paper,  Hexagonal  Cells. 

**  Hexcel  Products,  Inc.  Kraft  Paper  JCP-99-18  (lB  Denotes  Percent  Phenolic  Impreg¬ 
nation)  ,  Hexagonal  Cells. 

^  See  "Fabrication  Process  and  Evaluation"  for  Description. 


the  facings.  C  occurred  as  core- to-facing  bond  failure  between  one  or  both  facings 
D  occurred  as  either  complete  or  partial  rupture  of  the  facings.) 
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i  BUCKLING  TEST  DATA, 
ENDS  AND  HINGED  EDGES 
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TAWZ  8 


GHCERAL  PANEL  BUCKLING  TEST  DATA, 
HINGED  LOADED  DOS  AID  HINGED  EDGES 


Specimen 

Group 

Identification 

Facing 

Material, 

Thickness 

Facing 

Slickness 

(in.) 

Configuration 

Type 

of 

Polls; 

Ultimate  Stress  fpsl 

x  10*3) 

Loaded 

Edge 

(in.) 

Loaded 

Length 

(ii.) 

Load 

Orien¬ 

tation* 

Average 
it?  Stress 

Range 

of 

Stress 

Number 

of 

Specimens 

27? 

lBl  0URl\  2- Ply 

5-0 

5-5 

-W,  «R 

m 

24.7 

_ 

1 

27' 

l8l  OURI.  2- Ply 

- 

5-0 

5-5 

■W,  HR 

- 

28.1 

27.8-28.4 

2 

27 3 

lBl  OURI,  2- Ply 

- 

6.0 

3.5 

-W,  «R 

- 

31-4 

- 

1 

Zl\ 

l8l  OURI,  3"  Ply 

_ 

6.0 

5-5 

-W,  «R 

- 

27.6 

- 

1 

Z 82 3 * 

181  CURI,  2- Ply 

- 

6.0 

3-5 

-W,  -R 

- 

14.4 

12.7-155 

3 

12 

F150-11,  >Ply 

0.2508 

11.5 

93 

WW,  «R 

- 

9.4 

9. 4-9. 4 

2 

F150-11,  3-Ply 

0.2510 

9.0 

7.5 

WW  -P 

- 

18.3 

18.2-18.5 

3 

17b5 * 

1002,  2- Ply 

- 

9.0 

8-5 

-,  *R 

26.0 

25.7-27.1 

3 

19' 

F150-11,  3- Ply 

- 

9.0 

8.5 

+V,  +R 

2A 

27-0 

25.8-26.2 

2 

19c  a 

F150-U,  3- Ply 

- 

9.0 

8-5 

-W,  «R 

1A 

28.3 

- 

1 

195,0 

F150-11,  3-Ply 

- 

9.0 

8.5 

-W,  -R 

1A 

29.6 

- 

1 

197 

F150-11.  2- Ply 

- 

9.0 

8-5 

-W.  -R 

2A 

41.1 

33.2-49.1 

2 

Z27 

F150-11.  2- Ply 

0.2366 

9.1 

7-5 

*V,  -R 

- 

14.8 

- 

1 

22I 

F150-11,  2- Ply 

0.2366 

11.5 

9.2 

♦V,  =R 

- 

11.2 

- 

1 

zzl 

F150-11,  3- Ply 

0.2512 

9.0 

7-5 

+W,  «R 

- 

15-3 

- 

1 

227 

F150-11,  3-Ply 

O.2512 

11.5 

9-2 

♦W,  «R 

- 

11.3 

- 

1 

22' 

F150-11,  4- Ply 

0-2655 

91 

7-5 

♦V,  «s 

- 

13-5 

- 

1 

227 

F150-U.  4- Ply 

0.2655 

11.3 

9-2 

+w,  4 

- 

11.1 

- 

1 

23 

F150-11,  2-Ply 

0.2368 

9-1 

7-5 

+W,  “R 

- 

16.2 

- 

1 

S37 

F150-11,  3- Ply 

0.2368 

11.5 

9-2 

+W.  -R 

- 

11.9 

- 

1 

2  v. 

F150-11.  4- Ply 

O.2537 

8-5 

7-5 

♦V,  -R 

- 

20.8 

- 

1 

25, 

F150-U,  4- ply 

O.2537 

11-5 

9.2 

+V,  »R 

- 

14.1 

- 

1 

237 

F150-11,  >Ply 

0.2368 

11.7 

9.2 

+W,  -R 

- 

9-4 

- 

1 

237 

F150-11,  > Ply 

0.2368 

9-0 

7-5 

+W,  »R 

3.1 

- 

1 

zo 

7150-11.  >Ply 

0.251*0 

11.5 

9-2 

"W,  -R 

- 

9-3 

9-3-10.2 

2 

20 

F150-.U,  >  Ply 

O.2539 

9-0 

7.1* 

+K,  +R 

- 

11.7 

10.8-13.2 

3 

l8l  OURI,  2- Ply 

8.5 

8.5 

WW,  -R 

- 

9.9 

9.6-10.2 

2 

3-  See  Note  I  of  Table  4. 


2  See  Note  2  of  Table  4. 

3  Boundary  Conditions  Were  Hinged  Leaded  Ends  and  Free  Edges. 

k  See  Note  3  of  Table  it. 

5  Several  specimens  In  thl6  group  were  more  rigidly  supported  on  the  sides  than  indicated. . .see  "Experimental 
Procedure. !l 

^  Specimens  Developed  a  Two-Half -Wave  Buckle.  I 

7  i 

1  The  failure  loads  for  these  specimen  groups  were  accurately  established  by  the  measurement  of  side 
deflection. 

I  _ _  _  ...  .  .. 

i  — — —  •  — 


UMM  9 

nmaunM  nm.rm  tot  mu 


UgM||  Configuration 


Spec  lean 
Qroup 

Identification 

Feeing 

Material 

Facing 

ftldam 

(U.) 

fialM  1) 

<u.) 

•x2 

(*nH) 

(tm.) 

('/*,) 

l«M 

*9» 

to^ad 

Length 

(t*.> 

Load 

Orlen- 

tatimx 

Stress  At 
Coll epee ^ 
Cpsi.a  10’1 2  3) 

Sandwich 

Modulus/ 

to*  *  io~j 

■tartar 

of 

Specie** 

Dlepllng 
Streea  - 
(1*4  1  lo'3l 

A^wr 

of 

Sparl—a 

29 

i*3  ami,  k-ruf 

0.0332 

0.3T5 

0  3T1 

0.0895 

6.3 

5.0 

-V,  -R 

16:5 

*?90 

1 

29 

i»3  cuu,  *-ny 

0.0332 

0.375 

0.3*7 

0.0905 

6.0 

5.0 

♦W,  *8 

U> 

2.21 

1 

- 

- 

18.9 

5.86 

30 

1*3  OWI,  >  Ply 

o.oe*9 

0.375 

0.358 

0.0696 

6.0 

5*0 

-V,  -« 

17.0 

5.5* 

4 

15.3 

1 

15.3 

5.27 

£ 

10.5 

2.*6 

30 

i»3  Otar,  \  piy 

C.02*9 

0.375 

0.357 

0.0697 

6.0 

5.0 

-m,  ♦« 

9.6 

2.15 

3 

- 

- 

8.5 

1.05 

15.2 

4.23 

31 

I8l  OWI,  »■  Ply 

0.01T5 

0.375 

0.376 

0.0*65 

6.0 

5.0 

«W,  -R 

lk.6 

3-7* 

4 

10.2 

2 

13.* 

3.16 

12.0 

4.20 

31 

lBl  OWI,  a-piy 

c.0175 

0.375 

0.385 

0.0*55 

6.0 

5.0 

-w,  •? 

10.7 

3.2* 

4 

9.6 

1 

3.6 

2.16 

32.2 

6.55 

X 

1*3  Mil,  *•  Ply 

0.03?* 

0.250 

0.229 

0.1A15 

6.0 

5.0 

-V,  -R 

2^.1 

c.03 

4 

- 

- 

25.9 

5.68 

32 

1*3  OWI,  *-Ply 

0.0321* 

0.250 

0.207 

0.1565 

6.0 

5.3 

♦W#  *R 

16.5 

2.06 

1 

- 

- 

27.7 

5.?e 

33 

1*3  owi,  3- Ply 

0.0251 

0.250 

0.243 

3.1033 

6.0 

5.0 

-V,  *R 

25.7 

5.66 

3 

- 

- 

23.* 

5.13 

14.7 

2.10 

33 

1U3  owi,  3- Fly 

0.0251 

0.250 

0.2*1 

0.1041 

6.0 

5.0 

♦V,  *fi 

13.6 

1.9* 

3 

- 

- 

12.1 

1.70 

3.* 

3.19 

3*' 

101  OWI,  3.  Ply 

0. 0220 

0.250 

0.2*1 

0.0913 

6.0 

5.0 

•V,  -F 

3.2 

2.99 

3 

- 

- 

5.0 

2.84 

15.9 

2.76 

35 

181  OWI,  2.  Ply 

0.0233 

0.250 

0.265 

0.0079 

6.0 

5-0 

-W,  *R 

155 

2.70 

3 

- 

- 

15.1 

2.66 

'2.1 

2.85 

35 

lfll  OWI,  a-  Ply 

0.0233 

0.250 

0.262 

0.0803 

6.0 

5.0 

♦V,  *R 

10.7 

2.65 

4 

- 

- 

5.3 

2.31 

22.0 

3.29 

36* 

iei  oori,  a  Piy 

0.0205 

0.1075 

0.l6?5 

0.12^ >9 

6.0 

5.0 

-V,  -R 

21.2 

2.99 

2 

- 

- 

20.5 

2.68 

37 

1*3  OWI,  *-Ply 

O.C253 

0.125 

0.156 

0.1622 

6.0 

5.0 

*W,  «R 

25.0 

3.93 

1 

- 

- 

37 

1*3  OWI,  WPly 

0.0253 

0.125 

0.113 

0.2239 

6.0 

5.0 

♦V,  R 

17.9 

2.36 

1 

_ 

. 

1  Obtained  8 f  Averaging  Four  A=tual  Cell  S.t#  Measurement*  Fwr  Specitaen. 

2  Specimen*  Failed  A*  e  Result  of  Poor  Core-^v Facing  Bond. 

*  Value*  Are  Listed  Vertically  in  the  Order  of  High,  Average,  aod  Low. 
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r*  ^ 1 


I 

( 


TAMJjlO 

a CMitt  tm  mmaam  com 


1 

♦B 

•a 

190 

• 

1 

0 

29,200 

Tb,300 

28,500-30^00 

67,200-83,900 

5 

5 

6-3 

6.3 

157 

300 

2 

♦* 

195 

183-202 

6 

29,b00 

2T, 300-31,500 

5 

6-3 

175 

35*> 

3bT-363 

3 

66,500 

63,000-12,600 

5 

6.3 

300 

3 

♦* 

221 

218-226 

5 

29,000 

27,500-10,200 

5 

6.J 

175 

41 

b39 

63L665 

6 

78,000 

70,800-86,600 

5 

6.3 

300 

A 

♦B 

36 

35-37 

6 

6,800 

6,200-59600 

5 

16 

60 

95 

53-59 

6 

16,000 

12,500-15,600 

3 

1.6 

75 

5 

«B 

b3 

bl-b6 

8 

T.eoo 

6,900-10,600 

9 

1.6 

60 

41 

6b 

63-67 

9 

1T.T0O 

16,000^6,200 

9 

1.6 

75 

6 

41 

110 

100-125 

6 

15,600 

13,600-16,900 

6 

1.6 

T5 

T 

♦» 

62 

59-66 

6 

6,600 

6,100-7.200 

16,500-18,200 

6 

1.6 

ho 

41 

105 

100-108 

6 

17,600 

6 

r.6 

75 

8 

«a 

56 

$0-62 

3 

7,200 

6,100-7,600 

3 

1.6 

60 

41 

99 

97-101 

3 

17,900 

16,700-21,200 

3 

1.6 

75 

9 

♦a 

82 

81-83 

2 

11,300 

10,100-12,600 

2 

1.6 

ho 

4t 

139 

12b- 152 

5 

26,500 

26,700-16,500 

5 

1.6 

75 

10 

«B 

76 

73-78 

12b- 126 

6 

8,700 

8,500-9,000 

18,500-26,300 

3 

1.6 

ho 

41 

125 

3 

22.300 

3 

1.6 

75 

U 

+B 

306 

m 

1 

25,200 

• 

1 

1.6 

ho 

41 

265 

213- 32b 

3 

22,700 

19,500-25,000 

3 

1.6 

75 

12 

+B 

41 

18 

86.9b 
lb  1-150 

7 

7 

11,100 

21,600 

U.VO>]t.OOO 

]ft,*00-&,900 

T 

7 

1.6 

1.6 

ho 

75 

13 

+a 

?0 

85-95 

6 

16,600 

13,600-15,600 

6 

2.3 

50 

41 

1*5 

Ib2-lb9 

6 

30,200 

28.600-30,800 

6 

2.3 

125 

lb 

SB 

200 

175-217 

3 

62,600 

39,900-66,300 

3 

Lb 

50 

4t 

183 

- 

1 

60,000 

- 

1 

L6 

1*5 

16 

♦B 

41 

12T 

216 

122-129 

207 -22b 

3 

0 

SC 

18,800-21,500 

31.600-38,000 

3 

2 

3-1 

3-1 

100 

160 

1Tb 

♦B 

139 

135-lb5 

9 

20,300 

18,700-22,200 

5 

3-1 

100 

41 

2bT 

235-255 

9 

60,500 

37,100-67,600 

10 

W 

160 

18 

tB 

153 

lbfl-158 

2 

16,600 

13,600-15,600 

2 

3-1 

100 

4t 

2b9 

BbT-251 

3 

39,000 

26,600-55,100 

3 

3.1 

160 

19 

♦B 

196 

1ST-205 

2 

25,200 

26,000-26,300 

2 

3-1 

100 

41 

39T 

321-539 

8 

56,800 

63,600-65,600 

9 

3-1 

160 

20 

♦B 

199 

186-225 

10 

27,000 

23,900-36,000 

10 

3-1 

100 

41 

298 

282-306 

12 

67,600 

35,600-70,200 

12 

3-1 

160 

21 

♦B 

8b 

86-85 

3 

2,500 

2,600-2,700 

3 

2.2^ 

41 

179 

176-186 

6 

8,600 

8,000-8,800 

6 

2.2 

- 

22 

♦B 

15T 

169-171 

6 

6,100 

3,300-5,600 

6 

2.2 

• 

41 

266 

253-260 

8 

8,700 

T, 200-9, 600 

a 

2.2 

• 

23 

♦B 

319 

306-333 

9 

9,300 

T, 600-10, 600 

9 

6.0 

• 

41 

55b 

526- 5T5 

13 

18,000 

16,800-21,000 

12 

6.0 

- 

2b 

♦B 

ITT 

136-223 

188-362 

3b 

9,600 

5,800-12,900 

60 

• 

1665'6 

4t 

251 

3b 

26,600 

13,700-62,300 

67 

** 

222 

1  by  the  Plate  Shear  Method  (WL-SH)  fcOlA). 


2  Saa  Iota  1  of  Table  V. 

3  Bxcayt  there  noted,  these  date  wara  obtained  free  Baxcal  Products  lac. ,  lrochare  "D*  atd  T  dated  1959. 
*  Baxcal  Products  Zac.  TBS- 112,  Dated  March,  i960. 

5  Douglas  Aircraft  Coupeny  Brochure  Titled  "AircaUb",  Dated  SapMbar,  1963. 


6  Shear  Modulus  Iqnal  7200  pal  Obtained  Pro  Douglas  Aircraft  Ccapanjr  Brochure  Titled  "Alroctib,  Teat  at  Technical 
Data,"  Dated  October,  1963.  Also,  for  pcap  25, 0^,  (♦*)  •  b.JOO  pal  and  0^  (40  -  6,300  yal  ant  for  grump  8T, 
Ogbs  (*B)  -  6,900  pal. _ _ _ _ 
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TABLE  12 

FLATWISE  COMPRESSION  PROPERTIES 
HEXAGONAL  CELL  HONEYCOMB  CORE 
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EFa  (=w)  =  3.95  (10)6  (1.055)*  =  4.17  (10)6  psi 


GCaz  =  0.41  (10)4  psi 

GCbz  =  °‘87  (10)4  psi 

t  =  0.2512  inch  (measured) 

t£  =  0.20  inch 

tpi  =  tp2  =  0.0247  inch 

a  =  9.04  inch 


b  =  7.48  inch 


E^,.  =  2.20  (10)°  psi  (E^t.  values  obtained  from  reference  13) 


^Fab-^a-  °'13 


calculations 


(14) 

(17) 


1  =  4 _ 1  -  0.13  _  1  -  0.13 

GFab  2.20  (10)6  4.17  (10)6  3.95  ( 10) 6 

Gpab  =  0.7198  (10)6  psi 


The  factor  1.055  was  calculated  from  the  data  given  on  page  7 
of  reference  8--Ep  (=W)/Ep  (4W)  =  1.055. 
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%  =  1  -yu.  =  1  -  (0. 13)  -  0.9831 

F  Fab  Fba 


Sab  \ 


0.7198  (10)  (0.9831] 


i/2  r 

(EFa  EFb)  [4. 17  (10)6  (3.95)  (10)6 


n  1/2 


-  0.1743 

*  0C/4.  +  2/  -  1.0272  (0.13)  +  2  (0.1743)  (15) 

Fab 

*  0.4821 

»  1  -  ,0  2  +  7  ^  +  2/>  +  (11) 

r  2 

*  1  -  (0.4821)2  +  0.1743  1-0272  (7.48)  +  2(0.4821)  + 

(9.04) 2 


[9.04) 


(1.0272)  (7.48)' 

1  -  (0.4821)2  +  0.1743  (3.0893) 


-  1.3061 

2  1/2 

-  CF1  fcF2  (EFa  EFb)  (. 

t  -  t  2  X  G„, 
cap  Cbz 

=  (0.20)  (0.0247) 2  3.1416  [4. 17  (10)6  (3.95)  (10)6] 

0.2512  -  0.20  (9. 04) 2  0.9831  (0.87)  (10)4 

=  0.14155 


GCbz  =  0.87  (10)4 
GCaz  0.41  (10)4 


2.1220 


+2/3+  +  VA  —  +1 

a2  «b2  b2 


1  +  V 


ra  o(b 


^+vl  +  V  [fl+xl  +  V2rA  4 
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3.0893  +  0.14155  (1.3061) 

2. 1220(9. 04)2 

(7.48)z 

1  ,  n  <2-1220)  (9.04)2 

1.0272  (7. 48) 2 

-  0.1743 

+ 

1  +  0.14155  2 

(7.48) 

2  ■* 

L  (9.04) 

Ill 


0.14155 


(9.04)' 


1.0272  (7 .48) 2 


+  0.1743 


(0.14155)2  (2.1220) 


(1) 

(1.3061)  (9,°4^ 
(7.48)2 


K  =  2.2732 
M 


1  tFl  (  CF2 
3  tF2  CF1 


2 


1 


t  -  t 
t  +  t 


c 


c 


a‘ 


+  2/9  +  2 

*b 


K 

F 


2 

1  0.2512  -  0.20 

3  0.2512  +  0.20 


(3.0893) 


(9) 


K  =  0.0124 
F 

k  =  km+kf 

K  =  2.2732  +  0.0124 


K  =  2.2856 


Fcr 


=  [t_  (0.0247)' 
4  (9. 04) 2 


0.2512  -  0.20 


0.2512  +  0.20. 

6 


11/2 


4.17  (10r  (3.95)  (10) 


0.9831 


(2.2856) 


f„  =  14,400  psi 
Fcr  *  r 


(8) 


(7) 
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b.  Analysis  According  to  Reference  7  (same  data  used) . 


crs 


cr 

rryj 


E- 0 


Fa  Fab 


C 
C 

C  =  1.9574  (10) 


Fab 


(1) 

(4) 


4.17  (10)6  (0.13)  +  2  (0.9831)  (0.7198)  (10)6 


T  = 


T  = 


-1L_  (£Fa  b2/a2  +  EFb  a2/b2  +  2C) 


2  Apa^ 


(3) 


(3. 14)' 


2  (G. 9831)  (9.04) 


r 


4.17  (10)6  (7. 48) 2  + 
(9. 04) 2 


3.95  (10)  ,  (_9J)4)-  +  2  (1.9574)  (10)' 
(7. 48) 2 


T  =  0.7701  (10)6 


K'  =  GCbz  +  GCaz  <b2/a2> 

K'  =  0.87  (10)4  +  0,41  (10)4  (7. 48) 2 

(9.04) 2 

K'  =  1.1507  (10)4 


(6) 


*1 

V 

**cr 


tc  tF  T 
K1 

0.3306 


0.20  (0.0247)  (0.7701)  (10) 
1.1507  flO)4 


(5) 


(t3  -  t^)  I  -  j(0. 2512)3  -  (0.20)2J  0-7701  (10) 6  (2) 


pcr  -  964.24  lb. /in. 


pcrs  *  1  To: 3306  *  724'67  lb'ln' 
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£  =  Pcrs  _  724.67 

Fcr  2  tp  2  (0.0247) 

f  =  14,700  psi 

Fcr  r 


2.  Face  Wrinkling  (Analysis  According  to  Reference  3) 
a.  Calculation  of  Parameter  X 


A 


f 


ECb  ECz 


2  G 


Cbz 


'“cbz 


material  properties  for  specimen  group  10 
ECb  “  8  P8i 

ECz  =  2.67  (10)7  (0.0013/0.375)  =  9.26  (10)4  psi* 
Epb  =  3.70  (10)6  psi 
G  (+R)  =  8.70  (10) 3  psi 

LDZ 

Acbz  =  0.30** 


t£  =  0.40  inch  (nominal) 


tp  =  0.04  inch  (nominal) 


M 


Fab 


0.13 


L  =  3/8  inch  (assumed) 


( 20) 


"k 

Egz  value  obtained  by  the  equation  E^z  =  2.67  (10) 7  (t/s) 
given  on  page  6  of  reference  4  where  t  is  the  foil  thickness 
and  s  is  the  cell  diameter. 

Assumed  to  be  that  for  aluminum,  the  basic  material  (see  top 
of  page  4  of  reference  3. 
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I 


calculation 


f 


8  (9.26)  (10) 

'■  4 

2  (8.70)  (10)' 
A  *  0.05 

b.  Parameter  b  Calculation 

,  ,JL 

rFcr  *  T  2  t  +  bL 
L  C 


0.30 


8 


9.26  (10) 


(19) 


material  properties  for  specimen  group  5 
EFb  =  3.70  (10)6  psi  / 


ECz  «  9.26  (10)4  psi 


t£  =  0.75  inch  (nominal) 


tv  *  0.04  inch  (nominal) 


‘Fab  ‘  013 

L  *  3/8  inch  (assumed) 


fFcr  (+R)  =  30  * 700  p8i 


calculations 


a  = 


30,700 


1  - 

^  ■ 
^Fab 

-  1  - 

(0 . 13) 2  =  0.9831 

.r2 

tF  EFb 

u 

(0.04) 2  (3.70)  (10)' 

12 

XF 

12 

0.9831 

24 

ECz  ^"F 

24 

9.26  (10)4  (0.9831) 

lb4 

E  t3 
Fb  F 

V 

3.70  (10)6  (0.04) 3 

4952.73 

1.0  + 

94.54  (0.375)4 

(0. 

375)2 

1.0  + 

0.375  b 

=  94.54 


(19) 


b  =  6.1118 

Stress  Calculation  (Specimen  Group  10) 


LFcr 


LFcr 


(+R) 


4952.73  0.40  +  94.54  (0.375)* 

(0.375)2  0.40  +  6.1118  (0.375) 


(19) 


(+R)  -  29,700  psi  (Test:  24,000  psi) 
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3.  Shear  Crimping  (Analysis  According  to  Reference  3) 


t 

f  =  c  r 
Fcr  27“  Cbz 
ZCF 

material  properties  for  specimen  group  25 

t  =  0.75  inch 
c 

tp  =  0.03  inch  (nominal) 

GCbz  =  4*300  Psi 
calculation 

0.75  (4,300) 

Fcr  2  (0.03) 

ffcr  =  53,800  psi 


(21) 


4.  Intracellular  Buckling  (Analysis  According  to  Reference  9) 
fFcr  =  ^EFb^  (cf/r)3^2 


(22) 


material  properties  for  specimen  group  31  (Table  9:  181-style, 
2-ply) 

Epb  (+W)  =  3.06  (10) 6  psi*  R  =  R2  =  0.376  inch 

EFb  (=W)  =  3.23  (10) 6  psi** 

tr,  =  0.0175  inch 
r 

calculation 


£Fcr  <=«> 

ffcr  <=“> 


3.23  (10)6  [0.01751 3/2 

3  [0.376  J 

10,820  psi 


* 

Values  assumed  equal  to  the  averages  obtained  from  specimen 
groups  34,  35,  and  36. 

** 

See  footnote  on  page  68. 
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